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ABSTRACT 
 
Rice straw is the third largest agricultural residue in the world behind wheat and corn. The 
world annual rice straw production in 2014 was about 741 million tons, of which 
approximately 50% is used as animal feed. Currently, the common practice is to dispose of 
rice straw through field burning, but this has adverse effects on the air quality and 
consequently people’s health. Rice straw has potential for bioenergy generation, especially 
providing good opportunities for using residues and an improved environment due to their 
abundance. Rice straw is composed of a heterogeneous complex of carbohydrate polymers. 
Therefore, a pre-treatment process is essential to break the lignin seal to make cellulose and 
hemicellulose available for anaerobic microorganisms. The use of chemical and enzyme pre-
treatments has been investigated and showed potential to enhance bioenergy production. 
However, most research has focused on specific agricultural residues such as silage and 
wheat straw and little has been done on rice straw. Therefore, the aim of this research is to 
investigate the potential of enhancing methane production from rice straw through pre-
treatment and anaerobic co-digestion (AcoD) with sewage sludge. Several pre-treatment 
methods, including chemical using NaOH, enzyme and combined chemical and enzyme were 
investigated in this study.  
 
Wastewater treatment plants (WWTPs) use anaerobic digestion (AD) to stabilise sludge and 
generate energy that can be used onsite. However, the operation of AD is costly and usually 
does not provide enough energy to offset the cost of operation and disposal of digestate 
generated during the AD process. Many WWTPs implemented the strategy of AcoD 
involving sewage sludge with other organic substrates available in the vicinity of the 
treatment plant. Therefore, this project aims to assess the potential of using rice straw as a co-
substrate in the feedstock to AD at WWTPs. It also assesses the effect of pre-treatment on 
biogas yield from these anaerobic digesters.  
 
To achieve the aims of this project the potential of rice straw as a feedstock for biogas 
production was investigated using biochemical methane potential (BMP) tests. To enhance 
biogas yield from rice straw, the effect of chemical and enzymes pre-treatment on biogas 
yield was also assessed. Chemical pre-treatment was carried out using NaOH of 1%-2%, 
vi 
whereas enzyme pre-treatment was assessed using 15 FPU/g dried substrate. The 
effectiveness of pre-treatment was evaluated in terms of compositional changes such as: (i) 
the composition of rice straw in terms of water soluble, lignin, cellulose and hemicellulose all 
measured according to the NREL method; (ii) the crystallinity determined using Transform 
Infrared Spectrophotometer (FTIR) and Nuclear Magnetic Resonance Spectroscopy (NMR); 
(iii) the structure based on scanning electron microscopy (SEM) for before and after pre-
treatment; and (iv) effect on biogas yield. The BMP tests showed rice straw pre-treated using 
combined 2% NaOH with Viscamyl had the highest biogas production of 394 mL/gVS (74% 
CH4), whereas the untreated rice straw produced 223 mL/gVS (66% CH4).  
 
The potential of enhancing methane production from rice straw, through AcoD with sewage 
sludge, was investigated both for untreated and pre-treated rice straw. BMP tests were carried 
out to determine the biogas yield for rice straw and sewage sludge as single substrates and 
mixed at different rations of sewage sludge: rice straw (SS:RS) of 40:60, 30:70, 20:80, 10:90. 
The tests were designed using response surface methodology (RSM) for different solids 
loadings (between 16% and 40% (W/W)), C/N ratios (between 15 and 42) and different 
concentrations of NaOH pre-treatment. The results showed that AcoD of rice straw with 
sewage sludge had a synergistic effect on methane yield, where the AcoD of SS:RS at 20:80 
was 164% and 130% higher compared to the single substrates rice straw and sewage sludge, 
respectively. This enhanced yield is most likely achieved by improving the feedstock’s C/N 
content and nutrients’ availability in the digester. The highest biogas yield of 264 mL/gVS 
was achieved for C/N of 26. The RSM analysis showed that the optimum pre-treatment 
conditions of rice straw is using 3.6% NaOH at 121ᵒC for 30 minutes; under these conditions 
the maximum biogas yield of 305 mL/gVS can be achieved. 
 
The second phase of this study evaluated the effect of AcoD of sewage sludge with rice straw 
(untreated and pre-treated) under semi-continuous conditions. These tests investigated the 
effect of organic loading rates (OLRs) on biogas yield using different types of inoculum, i.e. 
inoculum collected from a mesophilic anaerobic digester at a WWTP and inoculums 
acclimated to mixed feedstock at three different rations of SS:RS 100:0, 40:60 and 20:80. The 
results showed the reactors that started-up using inoculum acclimated to a feedstock of 
sewage sludge: rice straw at 20:80 elicited the highest biogas production throughout this 
phase of the experiments. 
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Also, it was observed that all semi-continuously fed anaerobic digestion reactors that 
received pre-treated rice straw had higher biogas yield than those receiving untreated rice 
straw. Combined pre-treatment (2% NaOH and Viscamyl) showed the highest biogas yield of 
418 mL/gVS (73% CH4), compared with the yield from the semi-continuous reactors 
receiving untreated rice straw (250 mL/gVS, 66% CH4). The results indicated the optimum 
OLR for semi-continuous digestion at 1.26 kgVS/m
3
.d. The performance of the AcoD 
reactors were assessed in terms of how much was removed (53% of TS, 55% of VS, and 60% 
of tCOD).  
 
In addition, to assess the effect of pre-treatment on the composition of the digestate, the 
digestates collected daily from the semi-continous AcoD rectors were characterised in terms 
of lignocelulosic main fractions (cellulose, hemicellulose, lignin and water soluble). It was 
observed that cellulose was converted into hemicelluloses and hot water soluble. The results 
provided more hot water soluble to the digestate. The relationship between biogas production 
and the amount of hot water soluble was one where increasing the amount of these solubles 
led to enhanced biogas production. The proportion of cellulose was degraded better than 
lignin, hence a higher proportion of lignin presented in the digestate. The percentage of lignin 
in the feedstock (18-23%) and the digestate (22-24%) cannot be degraded.  
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CHAPTER ONE 
 
 
1. INTRODUCTION 
 
 
The aim of this chapter is to describe the background of the topic and research questions, the 
aims and objectives of the study. It concludes with an outline of the thesis structure. 
 
1.1 BACKGROUND 
Agriculture is not only important from the economic point of view but more specifically 
when considering agricultural crop wastes such as rice straw. Agricultural residues can play 
an important role in the development of green energy resources  as a form of sustainable 
energy (Chandra et al. 2012; Sari & Budiyono 2014). Biofuels are an example of green 
energy that can be produced directly from crops and agricultural residues. But agricultural 
residues have huge unutilized energy generation potential (Chandra et al. 2012).  
 
Rice straw is the third largest agricultural residue in the world behind wheat and corn 
(Arvanitoyannis & Tserkezou 2008). The world’s annual rice straw production in 2014 was 
about 741 million tons (Figure 1.1), and around 50% of rice straw is used as animal feed. In 
general, it is one of the largest agricultural residues in both: firstly, developed countries 
(United States (33 million tons/year), Europe (3.5 million tons/year), and Australia (1.5 
million tons/year)); and secondly, developing countries, such as those throughout the Asian 
region (China, 189 million tons/year, India, 136 million tons/year, Vietnam, 35 million 
tons/year and Thailand 29 million tons/year) as shown in Figure 1.2 (FAO 2014).  
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Figure 1.1: The world’s production quantities of rice straw (FAO 2014). 
 
Developing countries are primarily agriculture-based economies generating large amounts of 
rice straw, most of which is burned resulting in greenhouse gas (GHG) emissions. Disposal of 
rice straw through field burning also contributes to air pollution, producing smoke which 
reduces visibility, compromises road safety and also endangers public health. Therefore, the 
management of the large quantities of rice straw is becoming a significant environmental 
issue. This and the global warming effect have generated research into utilising rice straw as 
a feedstock for renewable energy production.  
 
 
Figure 1.2: Production of rice straw: world’s top 10 producers in 2014 (FAO 2014).  
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Rice straw is a potentially viable feedstock for large-scale bioenergy production such as 
biogas and biofuel (Sari & Budiyono 2014). Anaerobic digestion (AD) has been used 
effectively for the degradation of organic wastes including agricultural residues (e.g. rice 
straw, wheat straw, maize straw) and the production of biogas rich in CH4, which can be 
converted into electricity or used as a source of energy. 
 
There are many types of anaerobic digestion reactors that have been used for biogas 
generation from different feedstocks. Recently, three major types of digesters, namely fixed 
dome, floating cover and tube digester have emerged, especially in rural regions and 
developing countries such as China and India (Plöchl & Heiermann 2006). According to 
Zeng et al. (2007) AD has been used extensively as an eco-agricultural technology, especially 
in rural areas of China. From 1985 to 2000 in China, farmers self-funded the building of 
digesters and during this time there were 7.64 million household biogas digesters operating. 
This observation specifically provides an indication there are opportunities for integrating the 
disposal of lignocellulosic residues including rice straw into these digesters as a co-feedstock 
due to their abundance. In Europe, especially in Germany and Austria, biogas and other 
renewable energy options, are strongly linked to the agriculture industry. For this reason 
farm-produced biogas is being increasingly promoted (Plöchl & Heiermann 2006).  
 
Thailand despite its economic modernisation in recent decades is still an agriculture-based 
country with large amounts of agricultural residues including rice straw which has potential 
as a feedstock for biogas production. The government of Thailand has introduced a 
significant policy to promote renewable energy. The renewable energy strategic plan for 
Thailand aims to increase the annual share of renewable energy from 6.4% (4,237 kilo tons of 
crude oil equivalent (ktoe) in 2008 to 20.3% (19,700 ktoe) in 2022 (Chaiprasert 2011). The 
amount of rice straw generated annually can potentially produce 836 million m
3
 per year of 
biogas including methane, with an equivalent energy content of  21.58 toe (Paepatung et al. 
2009).  
 
Currently, there are 95 municipal wastewater treatment plants in Thailand. The government 
has invested large amounts of money in wastewater treatment in rural areas. Seventy-eight 
WWTPs have been constructed throughout the country, where huge amounts of rice straw 
residue are generated (Of et al. 2011).  
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Northeast WWTP generates around 7.93x10
6
 m
3
/day (14.75 million tons per year in 2008) of 
sewage sludge, which is a large volume of feedstock with potential for biogas from rice 
straw. The potential for methane production is approximately 675 ktoe. The application of 
AcoD of sewage sludge with rice straw  has achieved about 56% by this WWTP (Paepatung 
et al. 2009). 
 
WWTPs around the world have implemented the AcoD of sewage sludge with other 
substrates to enhance biogas yield. There are a number of WWTPs in Thailand that are in 
close proximity to rice fields where rice straw is generated. These treatment plants, typical of 
many WWTPs, have anaerobic digesters that are underutilised. AcoD of sewage sludge at 
these WWTPs may prove to be an opportunity for enhancing biogas yield and generating 
energy for use onsite and off-site. The latter would be favourable especially in rural areas 
where energy supply is limited. 
 
Therefore, this study focused on how the AcoD of sewage sludge with rice straw affected 
biogas yield and biogas composition (CH4 and CO2) compared to the anaerobic digestion of 
the substrates, sewage sludge and rice straw as a mono-substrates. Further, this research was 
undertaken using the facilities currently operating in Thailand, the country which is the focus 
of this study. 
 
1.2 RESEARCH SIGNIFICANCE 
Over the past decade most research studies focused on AcoD as a process that offers an 
opportunity to treat two or more wastes together. Four hundred papers have been published 
on AcoD such as animal manures (54%), sewage sludge (22%) and the organic fraction of 
municipal solid waste (OFMSW) (11%). The most used co-substrates are industrial waste 
(41%), agricultural waste (23%) and municipal waste (20%) (Mata-Alvarez et al. 2014) 
(Figure 1.3). To date there is little information on the AcoD of sewage sludge and rice straw 
(1%).  
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Figure 1.3: Number of papers published on AcoD (Mata-Alvarez et al. 2014). 
 
This study has utilised compositional analysis to determine how combining sewage sludge 
with rice straw results in substrates that are better balanced and in terms of nutrients and 
degradation in the anaerobic microorganisms. Also, the literature on chemical pre-treatments 
of rice straw is very limited especially in terms of pre-treatment on the digestate fractions and 
degradability. Pre-treatment is well suited for rice straw with high degradation. No published 
paper focuses on using combinations of chemical with enzyme pre-treatment of rice straw in 
an integrated system (e.g. chemical and enzyme pre-treatment and AcoD) and also these 
methods exert a positive effect on sewage sludge. The study of AcoD of sewage sludge with 
rice straw for different solids loadings and C/N ratios to improve methane yield has not been 
reported in the literature. Finally, a number of important limitations need to be considered 
about the chemical characteristics of the digestate and of the changes that occur during AD. 
This study aims to answer the following research questions. 
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Table 1.1: Research questions and methods related to outcome. 
Question Method Outcome 
1. How does AcoD of rice straw and 
sewage sludge affect biogas yield, 
measured under batch (BMP tests) and 
continuous conditions? 
 
Literature review, 
experimental work, 
BMP analysis 
 Biogas production  
 Process performance 
and digestate 
 
2. What is the relationship between the 
feed composition of the mixed sewage 
sludge and rice straw; and biogas yield? 
The focus on the relationship between 
the feedstock C/N ratio and biogas 
yield. 
 
Literature review, 
experimental work, data 
analysis by response 
surface methodology 
(RSM)  
 Optimisation of the 
C/N ratio 
 Conference paper 
3. How does chemical and enzyme pre-
treatment affect the characteristics of 
rice straw and the biogas yield? 
 
Literature review, 
experimental work, 
SEM, FTIR, NMR and 
BMP  
 
 Selection of pre-
treatment of rice 
straw  
 Conference paper 
4. What are the benefits of pre-
treatment for the AcoD of sewage 
sludge and rice straw? 
Literature review, 
experimental work 
based on pre-treatment 
experiments 
 
 Impact on various 
pre-treatments 
 Journal paper 
5. How does pre-treatment enhance 
biogas yield and effectiveness of AcoD 
be optimised? 
Literature review, 
experimental work, data 
analysis by RSM 
 Optimisation of the 
pre-treatments 
 Journal paper 
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1.3 AIM AND SPECIFIC OBJECTIVES 
This research aimed to: firstly, investigate the potential of bioenergy production from rice 
straw as a single substrate; and secondly, evaluate the effect of the AcoD of rice straw with 
sewage sludge on biogas yield and quality. To achieve this objective, BMP tests for rice 
straw, sewage sludge and mixtures of sewage sludge and rice straw were carried out. 
 
In addition, this study aimed to assess the effectiveness of alkaline and enzyme pre-treatment 
on the integrated pre-treatment system (i.e. combined chemical and enzyme pre-treatment) in 
enhancing the yield of biogas. The associated objectives of this research are to: 
• investigate the compositional changes of rice straw after pre-treatment. 
•  carry out BMP anaerobic digestion tests to examine the effect of rice straw before 
and after pre-treatment. 
•  analyse the AcoD of sewage sludge with treated rice straw. 
 
1.4 OUTLINE OF THE THESIS 
This thesis contains seven chapters, which are organised as follows: 
Chapter 1 introduces the thesis which presents the background of the topic and states the 
scope of the research. Specific research questions are articulated here with a discussion of the 
aims and objectives of this research and finally provide a brief outline of the thesis. 
 
Chapter 2 provides the background on anaerobic digestion of rice straw, pre-treatment of 
lignocellulosic biomass, with a special focus on rice straw. Furthermore, the use of AcoD to 
enhance methane production is discussed.  
 
Chapter 3 describes the materials, the experimental procedures and the analytical techniques 
used throughout the experimental program. 
 
Chapter 4 describes the characterisation of rice straw as well as the substrates in terms of 
physical and chemical properties. The morphological changes of the fibre structure of the 
untreated and treated rice straw under different pre-treatments were considered using 
scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR) and 
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magnetic resonance spectroscopy (NMR). The results on the effect of pre-treatment on rice 
straw employing chemical, enzyme and combinations of methods were evaluated. 
 
Chapter 5 describes the anaerobic digestion (BMP tests) for rice straw, sewage sludge as 
single substrates and mixed, all designed using RSM for different solids loadings and C/N 
ratios. The different pre-treatments of rice straw, the AcoD of treated rice straw, are 
presented and described to evaluate the biogas potential at relatively optimum of yield. 
 
Chapter 6 discusses the results obtained using the integrated AD system (i.e. pre-treatment 
and AcoD) under semi-continuous conditions and different organic loadings and inoculum. 
The objective is to compare methane production after AcoD and pre-treatment. As well the 
characteristics of the digestate are presented and discussed. 
 
Chapter 7 provides the overall conclusions of this research with a summary of the major 
themes covered, and recommendations for future studies.
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CHAPTER TWO 
 
 
2. LITERATURE REVIEW 
 
 
The aim of this chapter is to describe and explain the work that has been done on bioenergy, 
specifically through the strategies of AcoD and pre-treatment of lignocellulosic biomass.  
 
 
2.1 AGRICULTURAL BIOMASS 
2.1.1 Biomass from Agriculture 
Biomass from agriculture has the potential to supply a significant amount of energy and reduce 
the problems caused by pollution. The agricultural biomass provides good benefits to farmers in 
terms of the products they make. Generally, agricultural biomass can be classified into five 
categories of biomass (Chandra et al. 2012). Depending upon its source, biomass can be 
classified as either lignocellulosic biomass, agricultural residues, energy crops or solid waste 
(Kim et al. 2016). Based upon the lignin composition, biomass resources derived from woody 
materials can be further classified as either softwood or hardwood. These include the food-based 
portion of crops and the non-food-based portion of crops that are summarised in Table 2.1 
below. 
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Table 2.1: Category of biomass resources (Chandra et al. 2012). 
Feedstock type Definitions Resources 
Sugars/starches 
Traditional agricultural crops suitable for 
fermentation using first generation 
technologies; some food processing 
residues are sugar and starch materials 
Agricultural crops 
(sugars/starches), food 
processing residues containing 
residual sugars 
Lignocellulosic 
biomass 
Clean woody and herbaceous materials 
from a variety of sources include clean 
urban biomass that is generally collected 
separately from the municipal waste stream 
(wood from the urban forest, yard waste, 
used pallets) 
Agricultural residues, cellulosic 
energy crops, food processing 
residues, forest residues, mill 
residues, urban wood wastes, 
yard wastes 
Bio-oils 
Traditional edible and non-edible oil crops 
and waste oils suitable for conversion to 
bio-diesel 
Agricultural and forestry oil-
bearing crops and trees, waste 
oils/fats/grease 
Solid wastes 
Primarily lignocellulosic biomass, but may 
be contaminated (e.g., construction and 
demolition woods) or co-mingled with other 
biomass types 
Municipal solid waste, 
construction and demolition 
woods, food wastes, non-
recycled paper, recycled 
materials 
Other wastes 
Other biomass wastes that are generally 
separated from the solid waste stream 
which include biogas and landfill gas 
Animal waste, waste from 
wastewater treatment biogas and 
landfill gas 
 
 2.1.2 Agricultural Residues Production 
Lignocellulosic biomass is the most abundant of agricultural residues, with the world’ production 
was between 1,000 and 5,000 million tons (Sánches & Cardona 2008). The world’s three most 
important agricultural crops are maize, wheat, and rice. According to the Food and Agriculture 
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Organization which is part of the United Nations, statistics provide important data. Table 2.2 
summarises the world’s total area harvested and production of three agricultural crops in the 
leading10 producing countries.  
 
Table 2.2: World total maize, wheat and rice production in 2014 (FAO 2014).  
Crop 
World area harvested 
(million ha) 
World production 
(million tons) 
Top 10 producing countries 
Maize  181.80 1037.79 
USA, China, Brazil, Mexico, Argentina, 
India, France, Indonesia South Africa and 
Ukraine 
Wheat  220.41 729.01 
China, India, USA, Russia, France, 
Canada, Germany, Australia, Pakistan and 
Turkey 
Rice  161.72 741.47 
China, India, Indonesia, Bangladesh, 
Vietnam, Thailand, Myanmar, 
Philippines, Japan and Brazil 
 
2.1.3 Rice Production 
Rejesus et al. (2012) predicted that the world’s rice consumption will increase from 450 million 
tons in 2011 to approximately 490 million tons in 2020, and to about 650 million tons by 2050. 
Over the next few decades, the demand for rice is expected to remain strong in African and 
Asian countries due to their rapidly rising populations (Me et al. 2013). Referring to Thailand, 
rice production is important to its economy as it is the sixth largest producer in the world. 
Thailand produces rice annually on average 29 million tons of rice (FAO 2014), and the 
country’s main rice production regions are located in the northeast (Garivait et al. 2006).  
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2.1.4 Rice Straw Management  
Rice straw is a key agricultural residue and it is one of the world’s most important constituents 
for developing biomass energy (IRRI 2015). Rice straw is the lignocellulosic biomass that is 
separated from the paddy and plants (Figure 2.1).  
 
 
Figure 2. 1: Harvesting using a combine harvester (IRRI 2015). 
 
In recent years, the world’s annual rice straw production reached approximately 741 million tons 
of which about 50% serves as animal feed (FAO 2014). The common practice is to dispose of 
rice straw through field burning, but this seriously endangers air quality and consequently 
people’s health. Rice straw management can be classified into two kinds of operation: in-field 
and open-field. The former method entails burning and incorporation. Off-field options include 
bioenergy production and other forms of non-energy such as growing mushrooms, animal feed 
and being mixed with other materials (IRRI 2015) (Figure 2.2).  
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Figure 2. 2: Typical management options for rice straw (IRRI 2015). 
 
2.2 LIGNOCELLULOSE STRUCTURE 
Generally the lignocellulose structure has three major components: cellulose, hemicellulose and 
lignin. Three components called microfibrils, which are organised by cellulose fibrils are coated 
with hemicellulose matrices. These build cellulose structures that are carbohydrate polymers and 
protected by an aromatic polymer as well as lignin outside (Kahar 2013). A schematic of the 
lignocellulosic biomass is shown in Figure 2.3. 
 
Rice straw 
In-field options 
Off-field options 
Non-energy 
Energy 
Burning 
Incorporation 
Carbonisation, 
Composting 
Mushroom, 
Mulching, Fodder 
MDF, brick, high-end materials 
(silica, biofiber) 
Thermal: combustion, 
gasification, pyrolysis, etc. 
Chemical/bio: 
Biogas, Ethanol, Hydrogen 
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Figure 2. 3: Structural organisation of the plant cell wall adapted from Quiroz-Castañeda & 
Folch-Mallol (2013). 
 
 Cellulose (C6H10O5)n, the main component of lignocellulosic biomass, is a polysaccharide that 
consists of a beta (1–4)-linked chain of glucose molecules (D-glucose and β bonds). Cellulose 
fibres are orientations of the bond connected by molecular hydrogen bonds. Hydrogen bonds 
between different layers of the polysaccharides are a linear chain structure that it can contain 
the crystalline cellulose that degrades into water soluble and most organic solvents (Antal 
1995). 
 
 Hemicellulose (C5H8O4)n, is located in the secondary cell walls, and is a heterogeneous 
branched biopolymer including mainly β-D-xylose, β-D-mannose, β-D-glucose, and α organic 
acids. Hemicelluloses are amorphous and of lower molecular weight (30–35% of total dry 
weight) (Beg 2001), and are easy to hydrolyse. Their availability for hydrolysis depends on 
the operational conditions (temperature and retention time for the fermentation process) 
(Alvira et al. 2010). 
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 Lignin [C9H10O3(OCH3)0.9–1.7]n, is a mainly non-regular polymer of phenol existing within the 
aromatic polymer. The chemical phenolic of lignin has three components: syringyl alcohol 
(S), p-coumaryl alcohol (H) and coniferyl alcohol (G) (Cesarino et al. 2012). 
 
According to Taherzadeh & Karimi (2008), lignin is the structural rigidity of lignocellulosic 
biomass. Lignocellulosic biomass is the most recalcitrant component, causing more resistant 
to enzymatic digestion on lignocelluloses with higher proportions. A higher concentration of 
guaiacyl lignin in softwood is a greater restriction of fibre swelling and enzyme accessibility, 
compared to syringyl lignin in hardwoods.  
 
Table 2.3: Composition of lignocellulose in agricultural residues and waste (Sun & Cheng 2002; 
Harmsen et al. 2010; Van Dyk & Pletschke 2012).  
Biomass Cellulose (%) Hemicellulose (%) Lignin (%) 
Hardwoods 
Softwoods 
Nut shells 
Melon shells 
Corn cobs 
Grasses 
Sawdust 
Wheat straw 
Rice straw 
Rice hulls 
Coconut fibre 
Cotton seed hair 
Waste paper 
Primary waste 
Swine waste 
Solid cattle manure 
40-55 
40-50 
25-30 
35 
35-45 
25-40 
45 
30-44 
32-41 
24-29 
17.7 
80-95 
60-70 
8-15 
6 
1.6-4.7 
24-40 
25-35 
25-30 
19 
35-42 
35-50 
15.1 
23-50 
15-24 
12-14 
2.2 
2-20 
10-20 
N/A 
28 
1.4-3.3 
18-25 
25-35 
30-40 
30 
4.5-15 
10-30 
25.3 
7.7-17 
9.9-24 
11-13 
34 
0 
5-10 
24-29 
N/A 
2.7-5.7 
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Using rice straw is a challenge because it is difficult to degrade its lignocellulosic structure due 
to its rich silica and high lignin content. The degradation of the lignocellulosic structure is the 
most important factor for biogas production (Song et al. 2013; Sarnklong et al. 2010). The 
chemical composition of rice straw varies between growing seasons and types. In the early 
growing season which begins in April, rice straw has more nitrogen and cellulose compared to 
the middle- growing season in June and late growing season in July (Zhang & Zhang 1999). 
Table 2.4 summarises the studies done on rice straw composition.  
 
Table 2.4: Characteristics of rice straw from selected publications. 
References C 
(%) 
N 
(%) 
H 
(%) 
TS 
(%) 
VS 
(%) 
Ash 
(%) 
Lignin 
(%) 
Cellulose 
(%) 
Hemi 
cellulose (%) 
(Cuiping et 
al. 2004) 
38.52 0.69 0.10 N/A 61.10 15.25 N/A N/A N/A 
(Zhang & 
Zhang 1999) 
34.81 0.46 4.61 92.12 79.50 20.50 N/A N/A N/A 
(Mussoline et 
al. 2012) 
30.60 0.50 N/A 92.90 85.90 18.00 13.50 38.90 20.40 
(Ye et al. 
2013) 
47.00 1.00 N/A 93.72 83.18 N/A 23.34 34.96 16.70 
 
 
Figure 2. 4: Composition of rice straw. 
Hemicellulos,   
21.37% 
Cellulose, 
35.57% 
Lignin, 
19.97% 
Ash,  
17.91% 
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2.3 PRE-TREATMENT OF BIOMASS 
Several studies have been published on various pre-treatments, for instance mechanical, thermal, 
chemical, biological methods, which have been developed to improve the availability for AD of 
rice straw (Zhang & Zhang 1999; Mata-Alvarez et al. 2000). Pre-treatment is necessary for two 
things: firstly, improvement of the digestibility, breaking down and composing the matrix of the 
lignocellulosic structure (hemicellulose and lignin); and secondly, increasing the porosity and 
surface area of cellulose for hydrolysis (Haghighi Mood et al. 2013). 
 
 
Figure 2. 5: Schematic pre-treatment of lignocellulosic biomass (Haghighi Mood et al. 2013). 
 
2.3.1 Mechanical Pre-treatment 
Mechanical pre-treatment refers to the methods involving cutting, grinding or milling 
lignocellulose biomass into a small size. The mechanical pre-treatment including particle size 
reduction to 5.0, 2.0, 0.5, and 0.2 cm for four agricultural by-products (wheat, barley, rice straw 
and maize stalks) has resulted in increased methane yields of more than 80% (Menardo et al. 
2012). However, mechanical pre-treatment requires high energy inputs. 
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2.3.2 Thermal Pre-treatment 
In thermal pre-treatment the biomass is heated typically to between 120 and 260 °C. Pre-
treatment has been shown to remove most of the hemicellulose and lignin. Nitsos et al. (2013) 
stated that hydrothermal pre-treatment of beech wood for 180 minutes at 220 ᵒC and 170 ᵒC 
resulted in cellulose conversion between 30 % and 70 %. It was found that the dissolution of 
lignin was causing decrease in hydrolysis efficiency. The heat and water destroy the hydrogen 
bonds and the lignocellulose complexes, through the biomass to swell (Wang et al. 2010). Steam 
explosion pre-treatment on bulrush was used to improve methane production. The results showed 
more methane was produced in this way compared to using the raw sample. The effects of steam 
pressure, moisture content and residence time helped achieve the maximum methane yield of 
205.3 mL/g VS (24% higher) at 11.0% moisture, 1.72 MPa steam pressure, and 8.14 min 
residence time. The lowest NDF content of 30.6% emerged in a pre-treatment scenario involving 
a moisture content of 16.55%, steam pressure of 1.52 MPa and residence time lasting 5.17 min. 
Hydrothermal pre-treatment of rice straw was implemented for 10 min at 200 °C. One study of 
biogas yield revealed that it produced140.0 L/kg VS ( Chandra, Takeuchi and Hasegawa 2012).  
 
High temperature pre-treatment has a significant effect on the decomposition of rice straw. 
Zhang and Zhang (1999) found that a high temperature between 100 and 180 ˚C with NaOH, 
produced better results than mono-method. A review of the literature suggested that 121 ˚C 
improves the rice straw decomposition during the anaerobic process. Having a temperature 
higher than 180 ˚C could reduce the performance of biogas production (Zhu et al. 2005). There is 
a disadvantage in using pre-treatments at high temperature. It is the possible production of 
phenolic compounds as well as furfural and HMF, which are degradation products of lignin 
(Fernandes et al. 2009). The phenolic compound can be toxic to microorganisms in the anaerobic 
digestion process. Inhibited biogas formation was influenced by autoxidation, type, size and 
number of substitutions. Biogas production is influenced by concentration rather than any change 
in the level of pH (Hernandez & Edyvean 2008). 
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2.3.3 Alkaline pre-treatment 
The most common alkaline pre-treatment refers to using alkaline solutions such as NaOH, 
Ca(OH)2, KOH and NH3H2O. Alkaline pre-treatments are effective in the decomposition of 
lignin, while still maintaining the cellulose concentration at a high level. It can cause swelling of 
the fibres which results in a more accessible surface area, and it can decrease the crystallinity and 
separate the lignin-carbohydrate linkages (Durot et al. 2003). A study by Pavlostathis and 
Gossett (1985) documented that wheat straw-treated NaOH resulted in a more than 100% 
increase in biodegradability. Their study included an economic analysis of NaOH pre-treatment. 
The chemical cost is equal to $75/ tons for wheat straw, based on 10 g NaOH consumed/100 g 
TS. For 100% methane production this would be 18.04 x 10
6
 Btu/tons. 
 
Rice straw was treated with 4%, 6%, 8% and 10% NaOH, and the results of biogas yields 
increased by 3.2%-58.1% compared to the untreated rice straw. Hemicellulose, cellulose, and 
lignin were decomposed at percentages of 35.2%-54.2%, 14.2%-16.4%, and 8.0%-44.5%, 
respectively, for 4%, 6%, 8%, and 10% NaOH-treated rice straws (He et al. 2009). 
 
Pre-treated rice straw using 3% NaOH was added to ground rice straw biomass for 120 h at 37°C 
A combination of 5% NaOH with hydro-thermal pre-treatment resulted in the highest biogas 
production, this being 315.9 L/kg VS. NaOH pre-treatment revealed an 132% increase in biogas 
production, compared to untreated rice straw (Chandra, Takeuchi and Hasegawa 2012). 
Generally, NaOH is generally more effective on agricultural residues than on wood materials 
because of delignification and reduction of cellulose crystallinity. Large-scale bioethanol 
production using NaOH may not be cost-effective. The cost of NaOH largely depends on the 
amount used in the process, the cost of reuse or the supplier's original sale price (Silverstein et al. 
2007).  
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Table 2.5: Summary of literature on alkaline pre-treatment. 
Reference Biomass Chemical Temperature 
(˚C) 
Time 
(hour) 
Lignin 
removal 
(%) 
Hemicellulose 
removal (%) 
Cellulose 
yield (%) 
Enzymatic 
hydrolysis 
conversion 
(%) 
(Klinke et al. 
2002) 
(Chen et al. 
2008) 
Wheat 
straw 
Wheat 
straw 
Na2CO3 
 
1% NaOH 
185-195 
 
25 
0.10-0.15 
 
120 
16-65 
 
6 
8-32 
 
14 
90-96 
 
67 
37-62 
 
57 
(Vrije et al. 
2002) 
Miscanthus 12% NaOH 70 4 77 44 95 69 
(Zhao et al. 
2008) 
Spruce chip 1-12% NaOH -15,23,60 2-24 18-19 39-41 70-91 60-70 
(Silverstein et 
al. 2007) 
Cotton 
stalks 
0.5-2% NaOH 90, 121 0.5-1.5 12-15 2-17 50 61 
(Wu et al. 
2011) 
Sweet 
sorghum 
5-15% NaOH 25,50 0.5-24 81-87 60-70 98 90 
(Cheng et al. 
2010) 
Rice straw 
Rice straw 
5-10% NaOH 
2-4% Ca(OH)2 
95 
55 
3 
3 
15-24 
18-32 
29-35 
30-33 
52-59 
53-59 
27-39 
32-43 
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2.3.4 Enzyme pre-treatment 
Biological pre-treatment has mainly focused on fungal pre-treatment by a microbial consortium 
for enhancing biogas production in anaerobic digestion. Only a few studies have been undertaken 
using commercial enzyme-based pre-treatment, due to the effect of enhancing biogas production 
with the high cost of enzymes. The most commonly used enzymes included cellulase and 
hemicellulase. In general, the advantage of enzyme pre-treatment is that it can take place at low 
temperature but such pre-treatment is not efficient with chemical pre-treatments. It also has a 
longer retention time. However, a study using corn straw pre-treatment of enzyme combined 
with steam explosion method (complex microbial agent dose of 0.01% (w/w) and pre-treatment 
time of 15 days) improved the biodegradability and led to a larger biogas yield of 33.07%. This 
had a positive effect on the anaerobic digestion process (Zhong et al. 2011). 
 
The different pre-treatments described above better suited depended on the type of feedstock, or 
reactor design, or size of reactor, or the political drivers, or economic situation of the region 
(Montgomery & Bochmann 2014). Table 2.6 below gives an overview of the advantages and 
disadvantages of the different pre-treatment strategies. 
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Table 2.6: Advantages and disadvantages of the different pre-treatments, adapted from 
Montgomery & Bochmann (2014). 
Pre-treatment Advantages Disadvantages 
Mechanical  Makes substrate easier to 
handle 
 Improves fluidity in digester 
 
 High power consumption 
 High maintenance costs  
Thermal   Increases the enzyme 
accessibility  
 High heat demand  
 Only effective up to a certain 
temperature 
 
Alkaline  Breaks down lignin  
 Removal of lignin and 
hemicellulose 
 Increases accessible surface 
area 
Low inhibitor formation 
 
 High alkaline concentration in 
digester  
 High cost  
Steam explosion  Breaks down lignin and 
solubilises hemicellulose  
 High heat and electricity 
demand 
 Only effective up to a certain 
temperature 
 
Acid 
 
 
 
Enzyme  
 
 
 
 
Organosolv 
 Solubilises hemicellulose 
 
 
 
 Degrades lignin and 
hemicellulose 
 Low energy consumption 
 
 Degrades lignin and 
hemicellulose 
 High cost  
 Corrosion problems 
 Formation of inhibitors 
 
 Long residence time 
 Low rate of hydrolysis 
 
 
 High cost 
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2.4 ANAEROBIC DIGESTION 
2.4.1 AD Process 
Anaerobic digestion (AD) is biochemical technology developed for the treatment of wastes, 
including organic wastes, municipal solid wastes, animal manure, and agricultural residues. It 
involves the degradation of wastes by microorganisms in the absence of oxygen. The benefits of 
AD are the generation of renewable energy that can replace fossil energy and the reduction of air 
pollution (Mata-Alvarez et al. 2000). The anaerobic digestion process can be divided into the 
following four main steps: hydrolysis, acidogenesis, acetogenesis and methanogenesis (Figure 
2.6). 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. 6: Schematic of the anaerobic degradation process adapted from Appels et al. (2008). 
Non-Soluble biopolymers 
Soluble organics 
Volatile Fatty Acids 
Acetic acid H2, CO2 
CH4, CO2 
(1) Hydrolysis 
(2) Acidogenesis 
(3) Acetogenesis 
(4) Methanogenesis 
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• Hydrolysis: this is the first step in the anaerobic degradation process. Hydrolytic bacteria 
convert the non-soluble biopolymers such as proteins, lipids carbohydrates and nucleic acids 
into soluble organic substances, for example amino acids and fatty acids. However, 
lignocellulosic materials represent a limiting step because they are very difficult for enzymes 
to degrade (Taherzadeh & Karimi 2008).  
 
• Acidogenesis: in the second step, acidic bacteria degrade the soluble organic compounds into 
volatile fatty acids (VFA), for instance acetic, propionic, butyric acid, gases (CO2, H2 and 
NH3) and other by-products. 
 
• Acetogenesis: the third step in AD is known as the acetogenic phase. The conversion of 
volatile fatty acids by acetogenic bacteria means they are transformed into mainly acetic acid, 
H2 and CO2. 
 
• Methanogenesis: here in this final step, methanogenic bacteria convert the acetate, CO2 and 
H2 into methane gas and carbon dioxide. The biogas consists mainly of methane (CH4: 55-
75%) and inert carbonic gas (CO2:25-45%) (Appels et al. 2008). 
 
2.4.2 Factors affecting AD Performance 
Anaerobic digestion is influenced by operational conditions, specifically pH, organic loading rate 
(OLR), hydraulic retention time (HRT), temperature and the Carbon/Nitrogen (C/N) ratio which 
in turn affect biogas production. 
 
• C/N ratio: C/N is the ratio of the mass of carbon to the mass of nitrogen in the substance. 
It is important to optimise proper composition of the feedstock because microorganisms 
in the anaerobic digester require these nutrients and bacterial diversity for cellular 
function and the digestion process (Silverstein et al. 2007). Enhanced methane production 
lead to the balanced C/N ratio in the feed to the reactor. Wang et al. (2014) investigated 
the effects of temperature and C/N ratio on the co-digestion of dairy manure with chicken 
manure and rice straw. They found that increased temperature from mesophilic (35°C) to 
thermophilic (55°C) improved the methane production. When increased temperature was 
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required in the C/N ratio and reduced the risk of ammonia inhibition. The increase of C/N 
ratios reduced the negative effects of ammonia. Enhanced methane production was 
achieved with C/N ratios of 25, at 35°C and C/N ratio of 30 at 55°C. An optimum C/N 
ratio between 20 and 30 is necessary for methane fermentation in the anaerobic digestion 
process (Wang et al. 2014). Many studies indicated that the greatest methane production 
occurred when the optimal C/N ratios were between 25 and 30 (Yen & Brune, 2007; 
Cundr & Haladová, 2014; Darwin et al. 2014). Where the substrate has a low C/N ratio, 
usually this result in high ammonium (NH4) concentration in the digester. Whereas if the 
substrate has a high C/N ratio, the methanogens present in the digester rapidly breakdown 
the nitrogenous compounds and remaining degradable carbon to form protein. 
Optimisation of the C/N ratios for the co-digestion of organic wastes of different C/N can 
e enhance biogas yield. Table 2.7 shows the C/N ratio of organic wastes. 
 
Table 2.7: C/N ratio of organic wastes (Chandra et al. 2012). 
Waste DM content, % Organic substance % of DM C/N 
Straw 70 90 90 
Waste from saw mill 20–80 95 511 
Paper 85–95 75 173 
Waste from household 40–60 40 18 
Sewage sludge 0.5–5 60 6 
 
 
• pH: the pH is an important parameter affecting microbial growth. The optimum pH of 
acidogens is in the 5.5-6.5 range, while for methanogens the ideal pH level is 7 (Ward et 
al. 2008). Consequently, the anaerobic digestion process pH is very narrow. If the pH is 
lower than 6, this can affect the activity of methanogens and accumulation of other 
compounds such as acetic acid, ammonia, sulphide and organic acids. The pH values 
outside the rage of 6.5-7.5 lead to the lower methane production (Ward et al. 2008). The 
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optimal pH range required for methanogens is essential for ensuring that the AD process 
operates successfully. 
 
• Hydraulic Retention Time (HRT): generally, HRT refers to the hydraulic retention time 
i.e. how much time a volume equal to the volume of the reactor remains in the digestate. 
Whereas, solids retention time (SRT) is the average time that the microorganisms remain 
in the reactor, i.e. solids retention time. In principal, HRT is different from the SRT but in 
an ideal continuous stirred tank reactor (CSTR), HRT and SRT may coincide and this is 
the case when there is no sludge return to the reactor, but in general they will/can be 
different. In this study the reactors used are well mixed and there is no sludge return 
therefore HRT is equal to SRT. Adequate SRT should be allowed for methanogens to 
convert the feedstock into methane. Though that higher SRT leads to higher biogas yield 
(as long as the reactor is not over loaded) and total volatile solid removal, but this 
requires the digester to have a large enough volume. In tropical countries, HRT varies, 
where the normal range is between 30 and 50 days, while in cold countries HRT can 
increase up to 100 days (Yadvika et al. 2004). 
 
• Temperature: biogas can be produced through anaerobic digestion; this can be achieved 
in a wide range of temperatures under mesophilic (35 to 38°C) or thermophilic (50 to 
55°C) conditions. Figure 2.8 show temperature of bacteria and digestion time. The 
different microorganisms have two temperature ranges where their growth i.e., the 
mesophilic range at around 10-38°C and the thermophilic range at above 50°C. 
Anaerobic bacteria are grown at the optimum temperature of 35ºC. Most digesters are 
maintained at mesophilic conditions because these make a more efficient anaerobic 
digestion of organic matter possible where mesophiles are the microorganism present. 
The messophilic methane-forming bacteria have the longest generation times (20-60 
days) in the reactor. Most thermophilic conditions at a temperature at 55°C will ensure a 
higher loading rate as higher substrate degradation (Chandra et al. 2012). 
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Figure 2.7: Relationship between temperature of methanogenic bacteria and digestion time 
(Chandra et al. 2012) 
 
• Organic loading rate (OLR): OLR is the amount of organic solids in wastewater as 
volatile solids (VS) fed to reactors each day, i.e. kg VS/day.m
3
. It is important to note 
that controlling OLR, to enhance methane production, depends on the types of wastes 
being fed to the digester. Table 2.8 summarises the OLR for various feedstocks. 
(Digesters receiving agricultural feedstocks (cassava, rice straw and rice husk) can 
operate on an OLR of 1-5.5 kg VS/m
3
/day, while digesters receiving agro-industrial 
feedstocks (wood product and paper)) normally work at OLR of 5-8 kg VS/m
3
/day under 
mesophilic conditions. Food waste operates at 3-5 kg VS/m
3
/day. Increasing the OLR 
usually results in more biogas, however, high OLR that cause overloading of the process 
results in lower biogas production and eventually it can cause process failure (e.g. cause  
VFA accumulation which inhibits the process). Based on this , VS degradation  may 
decrease with the increase in OLR (Babaee & Shayegan 2011). 
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Table 2.8:  OLR for various feedstocks adapted from (OSA 2016). 
Feedstocks OLR (kg VS/m
3
/day) 
Cassava 2.5-5 
Manure  3.5-5.5 
Food Waste  3-5 
OFMSW  1-6 
MSW 2.5 
Agro-Industrial  5-8 
Fruit and vegetable 1-1.6 
 
2.4.3 AD from Agricultural Lignocellulosic Biomass 
The biogas yield of agricultural lignocellulosic biomass (maize straw, wheat straw and rice 
straw) has been studied.  
 
Maize straw: Hua et al. (2016) reported that the methane production yield of maize straw was 
173 mL CH4/g VSadded. In Germany methane yields from maize were examined and they were 
between 312 and 365 mL CH4/g VSadded (Oslaj et al. 2010). Vervaeren et al. (2010) found that the 
biogas yield was 523 mL CH4/g VSadded for untreated maize. Weiland (2010) showed that biogas 
production of maize achieved an average of 410 mL CH4/g VSadded and methane content of 52%. 
The amount of biogas produced from maize straw yields averaged 338 mL CH4/g VSadded 
(Chandra et al. 2012). 
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Wheat straw: the methane production potential of wheat straw achieved an average of 390 mL 
CH4/g VSadded (Weiland 2010). Miiller & Trfisch (1986) reported a biogas production potential 
amount of 293 mL CH4/g VSadded for wheat straw with a methane content of 62%. Nkemka & 
Murto (2013) stated that the methane yield from wheat straw when in lengths of 1–2 cm was 180 
mL CH4/g VSadded and 55% of CH4. The biogas production from wheat straw yields achieved an 
average of 290 mL CH4/g VSadded (Chandra et al. 2012). Table 2.9 below summarises the average 
biogas yields resulting from the major lignocellulosic agricultural biomass. 
 
Table 2.9: Biogas potential of different of lignocellulosic agricultural biomass. 
Biomass Biogas yield CH4 
 
(mL CH4/g VSadded) (%) 
Maize  173-410 52 
Wheat  180-390 54-62 
Rice  92-302 53 
 
2.4.4 AD from Rice Straw 
Over past 30 years, studies have researched the anaerobic digestion of rice straw. They have 
documented biogas yields ranging from 92 to 302 mL CH4/g VSadded (Rahnama et al. 2013; 
Teghammar et al. 2012; Chandra et al. 2012; Lim et al. 2012).  
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Table 2.10: Summary of research on AD of rice husk and rice straw (Lim et al. 2012). 
Author(s) Year Study  
Kalra et 
al. 
1986 
Anaerobic digestion performance of rice husk and rice straw. Methane 
production of rice straw   was 220 mL CH4/g VSadded  under batch digestion. 
However, rice husk did not show good potential for biogas production, 
which was explained to be due to the high lignin content. 
Zhang et 
al. 
1999 
Effects of pre-treatment techniques (physical (mechanical), thermal and 
chemical (ammonia) treatment) and process condition (35°C) on the 
conversion of rice straw in anaerobic-phased solids digester system. A 
combination of grinding (10 mm), heating (110°C), and ammonia treatment 
(2%) resulted in the highest biogas yield (471 mL CH4/g VSadded ). 
Zhang et 
al. 
2008 
Effects of process condition (35°C, pH7-7.5) on the untreated straw 
conversion to biogas in dry anaerobic digestion technology. The 
hemicelluloses of rice straw decreased from 28.23% to 18.3. 
He et al. 2008 
The mechanisms of biogas yield enhancement via solid-state sodium 
hydroxide pre-treatment. The highest biogas yield of 520 mL/gVSadded was 
obtained at the loading rate of 50 g /L for 6% NaOH-treated rice straw. 
He et al. 2009 
The effects of sodium hydroxide's main compositions and extractives on 
biogas yield enhancement. Hemicellulose, cellulose, and lignin were 
decomposed by 35.2%−54.2%, 14.2%−16.4%, and 8.0%−44.5%, 
respectively, for 4%, 6%, 8%, and 10% NaOH-treated rice straws. 
Xiao et 
al. 
2009 
The effects of various leachate recycle volumes (0, 0.2, 0.4, 0.6, 0.8 L/d at 
room temperature) on biogas production from rice straw were investigated 
dry anaerobic digestion.  
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Table 2.11 (continued): Summary of research on AD of rice husk and rice straw (Lim et al. 
2012). 
Author(s) Year Study  
Chen et al. 2009 
The AcoD of rice straw and swine faeces in a fed-batch single phase 
reactor under mesophilic conditions (35°C) was investigated. This showed 
biogas production of 330 mL CH4/g VSadded with an average methane 
content paround 62.88%. 
Iyagba et 
al. 
2009 
Investigated thee AcoD of cow dung with rice husk of 8% TS in total. The 
study was carried out at room temperature (26 - 29°C), HRT of 52 days. 
AcoD of cow dung: rice husk at 50:50 produced a cumulative biogas 
production of 161.5 mL. 
Lei et al. 2010 
The performance of rice straw-based anaerobic digestion with acclimated 
sludge at room temperature and various amounts of phosphate. An 
adequate level of phosphate addition (465 mg-P/L) has the effect of biogas 
production 290 mL CH4/g VSadded. 
Lianhua et 
al. 
2010 
The effects of solid concentration under various temperatures on anaerobic 
digestion of  rice straw  was investigated using apilot plant. The  highest 
methane yield obtained was  239.7 mL CH4/g VSadded with a methane 
content of 62%. 
 
Numerous papers on the topic of pre-treatment of rice straw have been published in recent times. 
Methane yield from rice straw using various pre-treatments ranged between approximately 190-
605 mL/gVS. Table 2.11 below lists the studies done on biogas production from rice straw pre-
treatment. 
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Table 2.12: Reviews of biogas production from rice straw pre-treatment. 
References Pre-treatment HRT 
(day) 
Temper
ature 
(°C) 
Reactor 
(L) 
OLR 
(gVS/L) 
Methane 
yield 
(ml/gVS) 
Effect of pre-treatment 
(Lei et al. 
2010) 
Milling (3-5mm) 
Phosphates 
supplementation 
(155mg/L) 
120 
120 
22 
22 
5 
4 
12.6 
12.6 
240 
250 
Phosphate seemed to have little evident 
effect on the performance of anaerobic 
digestion of rice straw with acclimated 
sludge 
(Zhao et al. 
2010) 
Milling (0.45mm) 
Acetic acid and 
propionic acid  
(0.75 mol/L), 2 h 
30 
30 
35 
35 
 
NA 
NA 
1 
1 
445 
605 
The production of methane was enhanced 
by 35.84% using the dilute organic acid 
 
(Sharma et 
al. 1988) 
Cutting 
(0.88,0.40,1 and 
6mm) 
60 37 5 79.4 347-367 Reduction of particle size does not imply 
higher methane production 
(Teghamma
r et al. 
2012) 
NMMO 
(1h at 130°C) 
42 55 0.5 2.5 245 The digesting bacteria need 2 days to 
convert treated rice straw into biogas 
(Song et al. 
2012) 
Cutting (25mm) 
Ammonia (110°C) 
24 
24 
35 
35 
5 
5 
50 
50 
380 
470 
Combination of grinding, heating (110°C) 
and 2% ammonia treatment resulted in 
17.5% being the highest biogas yield 
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2.2.5 AcoD Process 
AcoD of different substrates to improve the efficiency of methane production has attracted 
much interest in the early 21st century and continues to do so (Wang et al. 2013). In the 
period 2010–2013, most research focused on a AcoD process that offered a good opportunity 
to treat two or more wastes together (Esposito et al. 2012; Mata-Alvarez et al. 2014). Four 
hundred papers have been published on AcoD where the main substrate consists of animal 
manures (54%), sewage sludge (22%) and the Organic Fraction of Municipal Solid Waste 
(OFMSW) (11%). The most used co-substrates are industrial waste (41%), agricultural waste 
(23%) and municipal waste (20%) (Mata-Alvarez et al. 2014; Mata-Alvarez et al. 2000; 
Cuetos et al. 2010; Nayono et al. 2010; Li et al. 2014). Many technologies have been 
developed to enhance biogas production which can be accessed via AcoD, different operating 
parameters and different pre-treatments, such as mechanical particle size reduction, alkaline, 
thermal, enzyme and ultrasonic pre-treatment. Table 2.12 below summarises the studies 
(reported so far) on AcoD of pre-treated wastes. All of those pre-treatment methods aimed to 
increase methane production 
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Table 2.13: Pre-treatment studies on AcoD of different wastes. 
References Type of 
Pre-
treatment 
Type of 
substrates  
Type of AD Type of 
reactor 
Parameters of 
treatment 
BMP  Effect of pre-
treatment 
Comments 
(Lim & 
Wang 2013) 
Micro-
aeration 
Brown 
water:  
food waste 
Mesophilic  
(35-37°C) 
Batch 
(0.25L) 
Added 
0.0375L 
O2/L/d 
21% increase 
in methane 
yield 
Positive impact  Greater VFA accumulation and the 
conversion of other short chain 
fatty acids to acetate 
(Sri Bala 
Kameswari et 
al. 2011) 
Ozone 
 
 
 
Ultrasonic 
WAS: 
tannery 
solid wastes 
 
 Batch 
(0.65L) 
 
 
0.18 g 
O3/g TS, 
20 min 
 
20 kHz 
with 230V 
 
Methane yield 
of 375mL/g VS  
 
Methane yield 
of 396mL/g VS  
Increase in 
biogas 
generation by 
45% 
Increase in 
biogas 
generation by 
53% 
An increase in the SCOD of 166% 
(15 min) and 162% (5 min) 
 
An increase in the SCOD of 85% 
(2min) and 97% (1 min) 
(Nielsen & 
Heiske 2011) 
Mechanical Cattle 
manure: 
Macroalgae 
Thermophlilic 
(53°C) 
CSTR 
(3L) 
Chopped 
2x2cm 
 
 
Methane yield 
of 259mL/g VS 
Increase in 
methane yield 
by 68% 
A significant effect on the methane 
yield of U. lactuca but only a little 
effect on the other species 
(Jagadabhi et 
al. 2008) 
Chemical Grass: Cow 
manure 
Mesophilic 
(35°C) 
CSTR 
(5L) 
Added 
20gNaOH 
kg
-1
VS 
Methane yield 
of 340L/kg VS 
 The reactors in alkali-treated forms 
reduced the methane yield by 11% 
(Zhou et al. 
2013) 
Ultrasonic 
& Chemical 
Corn straw: 
WAS  
Mesophilic 
(35°C) 
Batch 
(1L) 
28-40 
kHz,  
NaOH 2% 
W/W 
Methane yield 
of 350L/kg VS 
 The highest contribution of corn 
straw (35%) to additional VFAs 
production was 1113 mg VFAs  
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Table 2.12(continued): Pre-treatment studies on AcoD of different wastes. 
References Type of 
Pre-
treatment 
Type of 
substrates 
Type of AD Type of 
reactor 
Parameters of 
treatment 
BMP Effect of pre-
treatment 
Comments 
(Krishania et 
al. 2013) 
Chemical wheat 
straw: cattle 
manure 
Mesophilic 
(35°C) 
Batch 
(5L) 
3% 
Ca(OH)2 + 
3% Na2CO3 
W/W and 
NaOH 2% 
W/W 
Methane yield of 
0.38m
3
/kg VS and 
0.37m
3
/kg VS 
Increase 
methane 
production yield 
by 99% and 
94% 
Wheat straw with cattle 
manure in the ratio of 
40:60 was found to be the 
most suitable mixture for 
optimum biogas 
production 
(Taniguchi et 
al. 2010) 
Thermal Salix: Cow 
manure 
Mesophilic 
(37°C) 
Batch 
(5L) 
Steam 
explosion at 
210 °C and 
10 min 
Methane yield of 
230mL/g VS  
 
 A fraction over 40% in VS 
from pre-treated Salix 
provided good methane 
yields 
(Quiroga et al. 
2014) 
Ultrasonic Cattle 
manure: 
Food waste 
 Sludge 
Mesophilic 
(36°C) 
Thermophilic 
(55°C) 
CSTR 
(5L) 
Power: 400 
W, 
frequency: 
24 kHz 
Volumetric 
methane yields: 
0.85 L CH4/L day  
Volumetric 
methane yields: 
0.82 L CH4/L day 
Increase of up to 
31% and 67% 
for mesophilic 
and 
thermophilic 
digestion, 
respectively 
Pre-treatment makes 
operating at lower HRT, 
for 14 days at 36°C and 
16 days at 55°C. 
 
(Cuetos et al. 
2008) 
Thermal Slaughterho
use Waste: 
OFMSW 
Mesophilic 
(34°C) 
CSTR 
(3L) 
133 °C, 20 
min  
>3 bar 
Not successful  OFMSW with a HRT of 
36 days and organic 
loading rates of 1.2 and 
2.6 kg VSfeed/m
3
 day  
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Table 2.12 (continued): Pre-treatment studies on AcoD of different wastes. 
References Type of 
Pre-
treatment 
Type of 
substrates  
Type of AD Type of 
reactor 
Parameters of 
treatment 
BMP  Effect of pre-
treatment 
Comments 
(Castrillón et 
al. 2011) 
Ultrasonic Cow 
manure: 
Glycerin 
Mesophilic 
(35°C) 
Thermophilic 
(55°C) 
 
CSTR 
(2L) 
20 kHz, 0.1 
kW, 
4 min 
Methane yield of 
250L/kg COD 
Methane yield of 
384L/kg COD 
 The optimum amount of 
glycerol ranged between 
4% when operating at 
35°C and 6% when 
operating at 55 °C  
(Estevez et al. 
2014) 
Thermal& 
Mechanical 
Salix: 
Cow 
manure: 
Fish waste 
Mesophilic 
(37°C) 
CSTR 
(10L) 
Steam 
explosion at 
210 °C for 
10 min, cut  
0.5 cm 
Methane yield of 
292mL/g VS 
Increased the 
yields up to 35% 
20% fish by-product was 
added 
(F. Wang et al. 
2014) 
Thermal  Sewage 
sludge: 
Grass 
Mesophilic & 
Thermophilic 
CSTR 
(0.8L) 
80°C Methane 
yield of 0.34 NL/g 
VS-mixture  
 Methane enhanced the 
dissolution of particulate 
(COD, carbohydrate and 
protein were 25.6%, 
33.6% and 25.0%, 
respectively 
(Luste et al. 
2012) 
Thermal 
 
Ultrasonic 
ABP: Dairy 
cattle slurry 
ABP: Dairy 
cattle slurry 
Mesophilic 
(35°C) 
Semi-
continu
ous     
(5 L) 
70°C,60 
min 
 
1000-
6000kJ/kg 
Methane 
production 360 m
3
 
CH4/t VSadded 
Methane 
production340 m
3
 
CH4/t VSadded 
 
Similar and 
small increase of 
methane yield 
-achieved in HRT 21 d, 
OLR 3.0 ± 0.1 kg VS/m
3
 d 
were 22 ± 3% of SMP 
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Table 2.12 (continued): Pre-treatment studies on AcoD of different wastes. 
References Type of 
Pre-
treatment 
Type of 
substrates  
Type of AD Type of 
reactor 
Parameters of 
treatment 
BMP  Effect of pre-
treatment 
Comments 
(Li et al. 2013) 
 
 
Thermo-
chemical 
 
Ultrasonic 
KW : FOG 
 
 
KW : FOG 
Mesophilic 
(37°C) 
Batch 
(0.25L) 
pH=10(NaOH
=2mL), 55°C, 
55 min5300-
36000kJ/kgTS 
Methane yield of 
288mL/g VS 
 
Not improve 
methane yield 
 COD% can effectively 
reflect pre-treatment 
performance 
(Carrere et al. 
2012) 
 
 
 
 
 
(Ara et al. 
2014) 
 
 
(Ara et al. 
2015) 
 
Thermal-
chemical 
 
 
Thermal 
 
 
Microwave 
 
 
 
AcoD 
WAS : FW  
 
 
 
WAS : 
Fatty 
wastewater 
OFMSW: 
TWAS 
 
 
OFMSW: 
TWAS 
OFMSW: 
TWAS:PS 
Mesophilic 
(35°C) 
 
 
 
 
 
Mesophilic 
(35°C) 
 
 
Mesophilic 
(35°C) 
 
Semi-
continu
ous     
(2 L) 
 
Batch  
 
Batch 
(0.5L) 
 
 
Batch 
(0.5L) 
pH=8, 80°C 
(0.14gKOH g-
1) 
30 min  
 
170°C,  
30 min               
135°C,  
1 min               
 
 
Trinary, binary 
mix substrate 
Methane yield of 
362mL/g VS  
 
 
17% drop in 
methane 
production 
Biogas yield of 787 
mL /gVSadded 
 
Biogas yield of 660 
mL /gVSadded 
Biogas yield of 780 
mL /gVSadded 
A significant 
increase in the 
methane 
production 
(58%) of semi-
continuous 
reactors 
Mixed WAS:FW90:10 
contained highly 
concentrated fatty 
wastewater (40% in 
volume, 49% in VS and 
73% in COD, equivalent 
to 7 g L 
-1
 of lipids) 
OFMSW:TWAS 75:25  
pre-treatment not only 
enhanced digestibility of 
TWAS. 
Co-digestion of trinary 
mix of OFMSW: 
TWAS:PS 75:12.5:12.5 
than the binary mix 
OFMSW: TWAS 75:25 
 
Abbreviation: ABP, animal by-products; FOG, fat, oil and grease; FW, Fatty wastewater; KW, kitchen waste; OFMSW, organic fraction of municipal solid waste; WAS, waste activated sludge; 
TWAS, thickened waste activated sludge 
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CHAPTER THREE 
 
 
3. MATERIALS AND METHODS 
 
 
The aim of this chapter is to describe the materials, experimental procedures and analytical 
methods used in the research. 
 
3.1 MATERIALS 
3.1.1 Rice Straw  
Rice straw (RS) was sourced from a farm in the southern region of New South Wales, Australia. 
The rice straw sample was ground using a hand-held bladed mill (IKA), and then sieved and the 
fraction of particles with size lower than or equal to 1 mm was collected for further use in 
experimental work. The particle size of 1 to 2 mm has been recommended for effective hydrolysis 
of lignocellulosic biomass (Zheng et al. 2014). The samples were stored in an air-tight container at 
room temperature, and in this study are defined as untreated rice straw. 
 
3.1.2 Sewage Sludge 
The sewage sludge (SS) used in this study was generated from thickened primary sludge (PS) and 
waste activated sludge (WAS) collected from the Melton Recycled Water Plant, Victoria, 
Australia. The PS and WAS were mixed on wet weight basis at a ratio of 1:2 PS:WAS, so that the 
final SS had total solids of 3.5%. The SS samples were then stored at 4 ˚C and used within 48 
hours. The anaerobic digesters at Melton WWTP are operated at TS of 3.5% where they indicated 
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the best performance in terms of biogas yield and digestate quality. Consequently, the same TS 
was used in this study. 
 
3.1.3 Inoculum  
The inoculum used in this study was collected from the mesophilic anaerobic digester at the water 
treatment plant in Melton, Victoria, Australia. The inoculum was kept in an oven at 35°C 
(mesophilic temperature) in different special storage containers. The inoculum that was used after 
a few days is defined in this study as fresh inoculum. 
 
Table 3. 1: Characteristics of the substrates and inoculum used in this study. 
Substrates Rice straw Sewage sludge Inoculum 
pH 
TS (%) 
VS
a
 (%) 
CODt (mg/L) 
CODs (mg/L) 
Ammonium (g/L) 
C (%) 
N (%) 
C/N 
Lignin (%) 
Cellulose (%) 
Hemicellulose (%) 
Ash (%) 
ND
b
 
93.50±0.44 
79.26±1.01 
ND
b 
ND
b 
ND
b 
33.78±0.93 
0.41±0.01 
82.39±2.26 
23.08±1.01 
35.55±1.04 
27.02±0.85 
6.28±0.03
 
6.17±0.01 
3.54±0.04 
3.09±0.05 
27,050±70.70 
13,950±141.42 
0.12±0.01 
44.86±0.09 
5.50±0.01 
8.16±0.01 
ND
b 
ND
b 
ND
b 
ND
b 
7.03±0.03 
3.17±0.02 
2.44±0.01 
21,275±35.36 
12,525±35.36 
0.47±0.03 
14.03±0.34 
2.25±0.05 
6.24±0.01 
ND
b 
ND
b 
ND
b 
ND
b 
a
 Dry weight basis in TS 
b 
Not determined 
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3.1.3.1 Inoculum Acclimation 
This phase of experimental work aimed to prepare an inoculum acclimated to the rice straw for 
use in the feedstock. The initial start-up time of anaerobic digesters required a long time ranges 
from 3 to 5 months depending on the characteristics of the substrate (Lettinga 1995). 
Methanogenic activity was the most critical step in the selecting a highly active anaerobic 
inoculum. Additionally, after 6–9 months of acclimation increased overall methanogens 
populations as compared to fresh inoculum ( Steinmetz et al. 2016).   
The experimental program for the acclimation of the inoculum comprised start-up of three 
anaerobic reactors all 5 L in size, where each reactor contained 1 L of inoculum and kept in an 
oven at 35°C. The three reactors (R1, R2 and R3) were operated simultaneously and fed daily 
with SS, as a control (R1), and SS and RS at a ratio of 40:60, and 20:80, for R2 and R3, 
respectively. The acclimation process continued from 20/04/2015 to 20/03/2016. The acclimated 
inoculums in reactors R1, R2 and R3 were then used in the semi-continuous AcoD experiments 
which lasted for 11 months.  
 
Table 3. 2: Characteristics of the inoculum acclimated with SS:RS 100:0 (R1) and the co-
substrates SS:RS at 40:60 (R2) and 20:80 (R3).  
Parameter R1 fed 
SS:RS 100:0 
R2 fed 
SS:RS 40:60 
R3 fed 
SS:RS 20:80 
pH 
TS (mg/L) 
VS (mg/L) 
CODt (mg/L) 
CODs (mg/L) 
NH3-N (mg/L) 
VA (mg/L)  
7.32±0.02 
5,522±40.21 
3,682±30.28 
13,000±250.03 
1,925±10.35 
250±9.81 
63±2.01 
7.30±0.01 
8,076±38.72 
6,680±39.04 
14,000±327.45 
2,200±27.48 
199±7.81 
67±1.21 
7.34±0.02 
12,250±60.11 
9,868±51.31 
15,025±339.47 
2,325±22.07 
237±12.98 
69±2.29 
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3.2 PRE-TREATMENT METHODS 
3.2.1 Physical pre-treatment 
All the straw was ground to obtain a size less than or equal to 1 mm and kept at room temperature 
for future use. This sample was defined as untreated rice straw. 
3.2.2 Alkaline pre-treatment 
Alkaline pre-treatment was applied using NaOH ranging in concentration from 0.5% to 5% (w/v). 
Rice straw was mixed with NaOH solutions at a ratio of 1:10 (1g of rice straw in 10 mL NaOH 
solution), and put into an autoclave. The treated rice straw was washed with deionised water, 
neutralised to pH 7 then stored in a plastic container at 4˚C. 
 
3.2.3 Enzyme pre-treatment 
The commercial cellulose enzymes Viscamyl 
TM
Flow (DuPont) and Accellerase
®
1500 (Danisco 
US Inc.) were sourced from Enzyme Solutions Pty Ltd, Croydon South, Victoria, Australia. 
Viscamyl 
TM
Flow cellulose enzyme contains a combination of enzymes which effectively change 
on ß-glucans, cellulose, hemicellulose, and digest non-starch carbohydrates and improve the 
separation with lignin. Accellerase
®
1500 is an enzyme complex contains multiple enzyme 
activities: exoglucanase, endoglucanase, hemicellulase, and betaglucosidase which intended 
specifically for the structural material of lignocellulosic biomass. 
 
Pre-treatment of rice straw with the enzymes was carried out at a loading of 15 FPU/g dried 
substrate. The enzymes’ cellulose activities were determined according to Nieves et al. (1998). 
Rice straw was mixed with enzymes in a 500 mL sodium citrate buffer of pH 5. The flasks were 
kept in a shaker incubator at 50 ˚C and 150 rpm for a day. The treated rice straw was washed with 
deionised water, neutralised to pH 7 and then stored in a plastic container at 4 ˚C. 
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3.2.4 Combined alkali and enzyme pre-treatment 
For combined alkali and enzyme pre-treatment, alkaline pre-treatment was carried out as 
described above. This pre-treatment was carried out using NaOH of 1% and 2% based on the 
findings reported in the literature (Krishania et al. 2013; Park et al. 2015; He et al. 2009). The rice 
straw was then washed with deionised water, put into a 500 mL Schott bottle and sodium citrate 
was added until a level of pH 5 was achieved. The enzyme was then added at a loading of 15 
FPU/g dry of rice straw and kept in a shaker incubator at 50 ˚C for 30 minutes. The chemical and 
enzyme treated rice straw was washed with de-ionised water, neutralised to pH 7, and then stored 
in an air-tight plastic container at 4 ˚C for composition analysis and BMP tests. 
 
 
3.3 EXPERIMENTAL PROCEDURES 
The experimental program comprised of three phases:  
 The first phase focused on the pre-treatment of rice straw (Figure 3.1) 
 The second phase included batch anaerobic digestion tests carried out according the BMP 
protocol (Figure 3.2-3.3), which comprised of four different batch BMP tests to assess the 
following:  
1.  AcoD of untreated rice straw with sewage sludge (Table 3.3). 
2.  Optimisation of C/N ratios (untreated rice straw and sewage sludge) (Table 3.4). 
3.  AcoD of treated rice straw with sewage sludge (Table 3.5). 
4.  Optimisation of alkaline pre-treatment (Table 3.6). 
 The third phase involved semi-continuous anaerobic digestion runs (Figure 3.4) 
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Figure 3.1: Schematic diagram of rice straw pre-treatment. 
Pre-treatment Methods 
 Alkaline Pre-treatment  Enzyme Pre-treatment 
 Method 1:  
1% NaOH 
 Method 2:  
2% NaOH 
 Method 3:  
Accellerase 
 Method 4:  
Viscamyl 
 Method 5:  
1% NaOH and Accellerase 
 Method 7:  
1% NaOH+Enyzme Viscamy 
flow 
 Method 8:  
2% NaOH+Enyzme Viscamy 
flow 
 Method 6:  
2% NaOH and Accellerase 
 Combined alkali and enzyme Pre-treatment 
 Method 7:  
1% NaOH and Viscamyl 
 Method 8:  
2% NaOH and Viscamyl 
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Figure 3.2: Schematic diagram of BMP tests for the AcoD of sewage sludge with rice straw. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: Schematic diagram of the AcoD of sewage sludge with rice straw pre-treatment. 
1. Milling 
to 1mm. 
2. Rice straw Pre-treatment 
 Chemical Pre-treatment 
 Enzyme Pre-treatment 
 Combined Pre-treatment 
3. Mixing 
(Inoculum and Sewage 
sludge) 
Solid 
 
Separation 
4. Anaerobic 
Co-Digestion 
Rice straw 
After 
Pre-treatment 
Rice straw 
Digestate 
Biogas 
SS and untreated RS 
(section 3.3.1 In set-up I) 
SS and pre-treated RS 
(section 3.3.1 In set-up II) 
SS and pre-treated RS 
(section 3.3.1 In set-up III) 
(1) Co-digestion SS with untreated RS 
(Table 3.3) 
(2) Optimisation of C/N ratios 
(between 15 and 42) 
(Table 3.4) 
(3) - Alkali (1-2% NaOH) 
- Enzyme (Accellerase, Viscamyl) 
- Combined Alkali (1-2%NaOH) 
and Enzyme (Accellerase, Viscamyl) 
(Table 3.5) 
(4) Optimisation of Alkali 
(0.5-5% NaOH) pre-treatment 
(Table 3.6) 
B
M
P
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ts
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Figure 3.4: Schematic diagram of the semi-continuous experiment substrates. 
No pre-treatment 
Combined 2%NaOH and 
Viscamyl 
Alkali (2% NaOH) 
Enzyme (Viscamyl) 
No pre-treatment 
Combined 2%NaOH and 
Viscamyl 
Alkali (2% NaOH) 
Enzyme (Viscamyl) 
No pre-treatment 
Combined 2%NaOH and 
Viscamyl 
Alkali (2% NaOH) 
Enzyme (Viscamyl) 
No pre-treatment 
Combined 2%NaOH and 
Viscamyl 
Alkali (2% NaOH) 
Enzyme (Viscamyl) 
S
em
i-
co
n
ti
n
u
o
u
s 
M
es
o
p
h
il
ic
 
Fresh Inoculum 
Acclimated 
Inoculum 
Substrate ratio 
SS 100% 
Substrate ratio 
SS:RS  20:80 
Substrate ratio 
SS:RS  40:60 
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3.3.1 Biogas Production Potential from Rice Straw 
Biochemical methane potential (BMP) test is widely used as a test for assessing the potential of 
biogas production from a given substrate using anaerobic digestion. The BMP test is usually 
operated for 28 to 35 days or till biogas production becomes stable at a low rate.  
 
The BMP test was carried out to determine the methane potential of rice straw. Reactors of 500 
mL capacity,Duran bottles were used (Figure 3.5). All reactors were flushed with nitrogen gas for 
3 minutes, and then sealed with rubber stoppers and kept in a  shaker incubator at 100 rpm. All 
BMP tests were conducted in duplicate at 37˚C for 35 days. The substrates to the inoculum were 
mixed at 1:2 on a VS basis. Each Duran bottle had a working volume of 30 mL. All of the reactors 
started at an initial substrate concentration of 3 g VS/L. The biogas volume produced from each 
digester was measured once daily. Furthermore some reactors received only rice straw or sewage 
sludge as a control and inoculum as a blank.  
 
 
Figure 3.5: Schematic of BMP test and Duran bottles adapted from Teghammar et al. (2012). 
 
In set-up I AcoD of untreated rice straw, batch AcoD of untreated rice straw with sewage sludge, 
the substrates were mixed based on their VS. In the experiments, rice straw was added to adjust 
the C/N ratios, based on sewage sludge and rice straw ratios (0:100, 10:90, 20:80, 30:70, 40:60, 
and 100:0). The C/N ratio was calculated according to Equation 3.7, see section 3.4.2. The 
composition of SS:RS and C/N ratios in different amount of substrates in AcoD are shown in 
Table 3.3. 
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Table 3. 3: Different amounts of substrate in AcoD with untreated rice straw and sewage sludge. 
AcoD mixing ratios 
SS:RS 
C/N ratios SS 
(g VS) 
RS 
(gVS) 
0:100 
10:90 
20:80 
30:70 
40:60 
100:0 
82.4 
37.9 
25.2 
19.1 
15.6 
8.2 
0 
9.71 
19.42 
29.13 
38.83 
97.09 
3.79 
3.41 
3.03 
2.65 
2.27 
0 
 
Another aim of this experiment is to ensure the reproducibility of the results obtained from the 
first experiment (AcoD with untreated rice straw and sewage sludge). Response surface 
methodology (RSM) was selected for the optimisation of C/N ratios. The BMP reactors received 
stocks at different SS:RS and C/N ratios based on a central composite design (CCD). The selected 
response for analysis was methane yield. The factors concerning the SS:RS and C/N ratios at 
different levels in the experiment are shown in Table 3.4.  
 
Table 3. 4: Tested conditions for mixed SS:RS (coded and uncoded levels). 
Factors Levels 
-2 -1 0 1 2 
SS:RS
a
 
C/N 
15.86 
15.07 
20 
19 
30 
28.50 
40 
38 
44.14 
41.93 
a
 the percentage of SS in the feedstock (SS and RS). 
 
In set-up II AcoD of pre-treated rice straw, this experiment aimed to evaluate the effect of alkali, 
enzyme and combined alkali and enzyme pre-treatments on methane production. The AcoD of 
pre-treated rice straw with sewage sludge  mixed at a ratio of 1:2 based on VS (Komatsu & Kudo 
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2007). The batches were designated volumes of the substrates (e.g. pre-treated rice straw, sewage 
sludge) and inoculums were poured into the bottles. Factorial designs were used in experiments 
containing several factors where it is the effect of rice straw pre-treatment on a response of biogas 
production. The 2
3 
factorial design study to the matching of three factors - pre-treatment methods, 
NaOH concentrations, and types of enzyme -and their two different levels produced 8 different 
experiments. In this study, the effects of these three factors on BMP of rice straw before and after 
pre-treatment were investigated. All experiments were done in triplicate. The variable levels noted 
in the experiments are summarised in Table 3.5. 
 
Table 3. 5: The conditions selected for pre-treatment experiments. 
Pre-treatment Conditions 
NaOH concentrations 1% 2% 
Types of enzyme Accellerase®1500 Viscamyl 
TM
Flow 
Pre-treatment methods mono-method   
(alkali or enzyme) 
Combined chemical and 
enzyme 
 
In set-up III AcoD with optimum alkali pre-treatment, the alkaline pre-treatment of rice straw for 
AcoD and associated methods determined the optimum biogas production. The success of the pre-
treatment was based on optimised biogas yield using RSM. Pre-treatment of rice straw was carried 
out with Box–Behnken Design (BBD) in the different levels of factor (sodium carbonate 
concentration, time and temperature). The experimental design matrix served to select the 
significant physical parameters and these the pre-treatment process levels are shown in Table 3.6.  
 
Table 3. 6: Tested conditions for rice straw pre-treatment (coded and uncoded levels). 
Factors Levels 
-1 0 +1 
X1: NaOH concentration (%) 
X2: Time (mins) 
X3: Temperature (◦c) 
0.5 
10 
60 
2.75 
20 
90.5 
5 
30 
121 
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The first phase of experimental set-up I was carried out using untreated rice straw. Two pathways 
of pre-treatment were trialled to assess the impact on the biogas yield. The second phase of alkali 
pre-treatment of rice straw samples (Experimental set-up II) was carried out using 1% and 2% 
NaOH solutions (w/w) at a temperature of 121°C and time of 30 minutes. The third phase of alkali 
pre-treatment (Experimental set-up III) was employed to optimise alkaline pre-treatment condition 
with respect to NaOH concentration (0.5–5.0%), temperature (60−121 °C) and reaction time 
(10−30 minutes). All alkaline pre-treatment conditions are reported in Table 3.7.  
 
Table 3. 7: Alkaline pre-treatment conditions for rice straw. 
NaOH concentration (%) Time (mins) Temperature (◦C) Experimental set-up* 
1 
2 
0.5 
2.75 
2.75 
5 
0.5 
0.5 
2.75 
5 
5 
0.5 
2.75 
2.75 
5.0 
30 
30 
20 
10 
30 
20 
10 
30 
20 
10 
30 
20 
10 
30 
20 
121 
121 
121 
121 
121 
121 
90 
90 
90 
90 
90 
60 
60 
60 
60 
II 
II 
III 
III 
III 
III 
III 
III 
III 
III 
III 
III 
III 
III 
III 
* Experimental set-up II is AcoD of NaOH (1% and 2%) treated rice straw 
* Experimental set-up III is AcoD with optimum alkali pre-treatment 
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3.3.2 Semi-continuous anaerobic reactors 
Semi-continuous tests were carried out to simulate large-scale daily fed digesters. Reactors with a 
total volume of 1000 mL and an effective volume of 600 mL were used. The reactors were seeded 
with fresh or acclimated inoculum (Table 3.2), see section 3.1.3. The anaerobic reactors were fed 
a given volume of feedstock after wasting a specified amount of the contents, based on the HRT. 
The reactors received feedstock at organic loading rates of 2.53, 1.26 and 1.0 kgVS added/m
3
.day. 
After feeding, the bottles were flushed with nitrogen gas for three minutes to create an anaerobic 
environment. The reactors were kept in a shaker incubator at 37˚C and 100 rpm for at least two 
full HRT cycles. Substrates, sewage sludge and pre-treated rice straw were added using a 50 mL 
syringe to deliver the substrate. 
 
Figure 3.6: Semi-continuous reactors in the incubator. 
   
 
 
3.4 ANALYTICAL METHODS 
3.4.1 Characterisation of Inoculum and Sewage Sludge 
A number of parameters were measured to monitor the digesters’ operation. These 
parameters included pH, total chemical oxygen demand (tCOD), soluble chemical oxygen 
demand (sCOD), total solids (TS), volatile solids (VS), ash, volatile acids (VA) and 
ammonia-nitrogen (NH3-N). 
 
The following analytical methods were employed: 
• pH: pH was measured using a calibrated pH meter (ThermoOrion, Model 550A).  
 
• Chemical oxygen demand: tCOD and sCOD were measured for the influents and 
effuents (i.e. feedstock and digestate at the end of the batch BMP test or at regular 
periods for the semi-continuous tests) samples. These were measured by colorimetric 
techniques utilising a HACH spectrophotometer (Model DR/4000U) according to 
method 8000. 
 
• The COD removal was calculated using Equation 3.1. 
 
COD removal (%)   
COD feed -COD effluent  100%
COD feed
    (Eq.3.1) 
 
• TS and VS: the TS and VS were determined according to method 2540G (APHA, 
2001). The samples were dried in an oven at 105°C until a constant weight was 
obtained. The dry TS samples were then combusted at 550°C for 20 minutes where the 
lost mass is the VS. 
 
• Ash: ash was determined by gravimetric analysis of the sample in a muffle furnace by 
ramping the temperature program up to 575°C.  
 
• Volatile acids: VAs was measured using a HACH spectrophotometer (Model 
DR/4000U) according to method 8196.  
 
• Ammonia-nitrogen: (NH3-N) was measured using a HACH spectrophotometer (Model 
DR/4000U) according to method 10031. 
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• Water displacement: the volume of biogas was measured by the aspirator water 
displacement unit. The volume of biogas generated in the anaerobic digesters was measured 
daily (mL/day), using a water displacement unit, at room temperature and then converted to a 
volume at standard conditions (temperature (0∘C) and pressure (1 bar)). Biogas production 
from the inoculum was subtracted from the total biogas production of each reactor’s content. 
The biogas yield was calculated as described by Hua et al. (2016). 
 
Biogas yield  m /g S   
(Biogas volume)total  (Biogas volume)blank
 S of substrates added
   (Eq.3.2) 
where VS is the volatile solids (mg). 
 
The biogas yield obtained for each AcoD substrate was compared to calculated or theoretical 
biogas yield based on the percentage of substrate biogas yield separately according to 
Equation 3.3 (Beltran et al. 2016).  
 
Calculated biogas yield  m /g S added   (%Substrate1 The e perimental biogas yields100%) 
                                    (%Substrate2 The e perimental biogas yields obtained 100%)   (Eq.3.3) 
 
• Gas Chromatography (GC): the biogas content was measured using gas 
chromatography. The volume of gas was syringed and then injected into the GC. The 
headspace served to measure CH4 and CO2 in the biogas. The biogas composition was 
measured using gas chromatography (Varian 450-GC) with a packed column (GS 
Carbon plot 113-3132, 1.5 micron, 30 m x 0.320 mm, stainless steel, Agilent 
Technologies Inc., Australia) and the Flame Ionization Detector (FID) and the 
Thermionic Specific Detector (TSD) detector. It has been tested at a column oven. The 
conditions set up GC analysis; temperature range: ambient temperature: +4 °C to 450 
°C, With liquid N2: -99 °C to 450 °C, with liquid CO2: -65 °C to 450 °C. Maximum 
temperature ramp rate: 120 °C /min for all voltages and cool down rate: 400 °C to 50 
°C in 4.5 minutes. The different mixtures of gases (STD1-60% CH4, 35% CO2 and 
5%H2; STD2- 30% CH4, 60% CO2 and 10% H2; STD3- 90% CH4, 9% CO2, 1% H2) 
were served to determine the standard curve. The CH4 (%) was calculated according to 
Equation 3.4. 
 
Methane content(CH4%)   
amount of gas remaining
amount of gas in ected
               (Eq.3.4) 
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3.4.2 Characterisation of Rice Straw 
The raw and pre-treated rice straw samples were characterised in terms of TS, VS, ash, 
extractives, lignin, cellulose, hemicellulose, Fourier Transform Infrared Spectrophotometer 
(FTIR), Nuclear magnetic resonance spectroscopy (NMR) and Scanning Electron 
Microscopy (SEM). 
The following analytical methods were employed: 
• Extraction: the rice straw was analysed for compositional changes following the 
procedures of National Renewable Energy Laboratory (NREL).  
Biomass yield was calculated according to Equation 3.5 (Zhang et al. 2013): 
 
Biomass yield   
Dry biomass weight after pretreatment   100%
Dry weight of untreated biomass
  (Eq.3.5) 
 
Component (cellulose, lignin) recovery in pre-treated rice straw was calculated based 
on the following Equation 3.6 (Zhang et al. 2013): 
 
Component recovery   
Component content in pretreated biomass   biomass yield   100%
Total component in untreated rice straw
  
(Eq.3.6) 
 
Percentages of carbon and nitrogen were determined by TruMac® Series at the 
Department of Environment and Primary Industries (DEPI). The C/N ratio was 
calculated according to the following Equation 3.7 (Wang et al. 2014): 
 
C/N                  100%
             
    (Eq. 3.7) 
 
Where 
W1 and W2: the VS weight of the single substrate for substrates in the mixture  
C1 and C2: the organic carbon content (%) for both substrates in the mixture  
N1 and N2: the nitrogen content (%) for both substrates in the mixture 
 
• Scanning Electron Microscopy: SEM was employed to determine the structural 
changes in treated rice straw compared to untreated rice straw. Rice straw was sputter-
coated with gold-palladium prior to imaging using SEM (Quanta 200).  
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• Fourier Transform Infrared Spectrophotometer: FTIR spectroscopy (Spectrum 
100, PerkinElmer, USA) was undertaken for the amorphous and crystallinity of the 
untreated and pre-treated rice straw. Rice straw was prepared by pressing around 0.5 
mg of dry substrate. The spectra from 4000 to 600 cm
-1
 were measured at 64 scans per 
sample with 4 cm
-1 
resolution monitored by Spectrum software. All spectra 
pretreatments were recorded by baseline corrections and normalisation. The bands 
ratio A1430/ A898 is used to determine the amount of crystalline cellulose. Crystallinity 
index (CrI) and total crystallinity index (TCI) were calculated from the absorbance 
ratio of A1430/A898 and A1375/A2900, respectively (O’Connor et al. 1958). Lignin is 
revealed at peaks of 1510, 1627 and 1465 cm
-1 
and cellulose shows its relative peaks 
at 1430, 1158 and 898 cm
-1
, respectively. The wave numbers were assigned as 
documented in Table 3.8. 
 
Table 3. 8: Assignment of FTIR adapted from Dehghani et al. (2015). 
Wave Number 
(cm
-1
) 
Functional group Assignment 
3175 
2900 
1730 
1627 
1510 
1465 
1430 
1375 
1158 
898 
O-H stretching 
C-H stretching 
C=O stretching 
C=C stretching 
Aromatic C-O 
Asymmetric in C-H3 
C-H2 stretching 
C-H stretching 
C-O-C stretching 
Glucose ring 
Cellulose 
Cellulose 
Hemicellulose 
Lignin 
Lignin 
Lignin 
Cellulose I 
Cellulose 
Cellulose 
Cellulose II 
 
• Nuclear magnetic resonance spectroscopy: solid state carbon 13 NMR was obtained 
using Agilent DD2 500 MHz NMR spectrometer equipped with a 4 mm MAS solid 
state triple resonance probe, with a 5 kHz sample spin rate. 13C spectra were acquired 
using a cross-polarisation pulse with 8000 scans using a 3.5 s delay time, 1 ms contact 
time, and an acquisition time of 40 ms. Deconvolution of the NMR spectra was 
undertaken to define the ratios of the peak areas at ~90 ppm for crystalline and ~87 
ppm for amorphous cellulose (Foston 2014). This calculation made it possible to 
generate a NMR-based crystallinity index (CrI) so that pre-treatments could be 
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compared. A secondary crystallinity index was calculated by deconvolution and 
measurement of the areas of the peaks at ~90 and ~87 ppm. 
 
NMR C I  
Area of crystalline cellulose
Area of crystaline cellulose   Area of amorph    cellulose
         (Eq.3.8) 
 
3.4.4 Characterisation of Digestate 
To analyse the effectiveness of the digestion process, the digestate was characterised in terms 
of COD, TS and VS as well as fractionation for hemicellulose, cellulose, and lignin contents, 
according to Opatokun et al. (2016). A total of 1g of digestate was dried (not more than 
60°C) and then was put in a 250 mL Duran bottle with 100 mL of deionised water, 
autoclaved at 100°C for 2 hours and then filtered through a glass micro filter. The filter paper 
was dried until constant weight was achieved and weighed before being utilised for filtering. 
Then the samples were dried at a low temperature until constant weight was achieved. The 
weight loss is the amount of water soluble in the dry samples were taken from the filter paper 
and added to 100 mL of 0.5M H2SO4 in 250 mL Schott bottles. The weight loss was 
Hemicellulose content and then the dry samples were removed from the filter paper and 
added to 10 mL of 72% H2SO4 in 250 mL Schott bottles. The sample was kept at room 
temperature for 1 hour in a shaker of at 200 rpm. After incubation the mixture was diluted at 
4% (v/v) H2SO4, i.e. 180 mL of water. The autoclave was set at 121°C (1.06 kg/cm
2
) for 40 
min. The sample was filtered with glass filter paper and the filter paper was dried with the 
sample at a low temperature until constant weight was achieved. The weight loss was in the 
form of cellulose and the leftover residue was lignin.  
 
An experiment was conducted to characterise whether fractionation of substrate and 
inoculum into a soluble fraction, hemicellulose, cellulose and lignin. Table 3.9 show 
characteristics of the fractions’ the substrates (SS:RS 50:50) with untreated rice straw, pre-
treated rice straw, fresh inoculum and acclimated inoculum used under semi-continuous 
conditions. The three acclimated inoculums were operated simultaneously and fed daily with 
100% SS, and a mix of SS and RS at a ratio of 40:60, and 20:80, respectively. 
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Table 3. 9: Characteristics of the fractions’ the substrates (SS:RS 50:50) and inoculum used 
under semi-continuous conditions. 
Feedstock Hot water Soluble Hemicellulose Cellulose Lignin 
Sewage Sludge (SS) 26.2±1.11 34.9±1.63 36.6±0.95 2.2±0.03 
SS:Untreated RS 25.3±1.02 22.1±0.80 33.8±1.42 23.5±1.73 
SS:2% NaOH treated RS 28.9±1.59 20.1±0.30 32.2±0.36 20.1±0.15 
SS:Viscamyl treated RS 30.9±0.06 24.6±0.35 25.8±0.29 19.9±0.70 
SS:combition treated RS 30.2±0.28 22.2±0.58 32.6±0.67 17.6±0.93 
Fresh Inoculum 21.2±0.56 44.8±0.08 33.2±0.94 0.8±0.01 
Acclimated Inoculum 
(Fed SS:RS 100:0) 
27.4±1.06 40.2±1.04 30.5±1.42 2.2±0.07 
Acclimated Inoculum 
(Fed SS:RS 40:60) 
25.9±0.47 26.9±0.73 24.6±0.68 23.5±0.86 
Acclimated Inoculum 
(Fed SS:RS 20:80) 
24.3±1.51 22.1±0.03 30.2±0.57 23.8±0.93 
 
3.4.5 Data Analysis 
Generally, a mathematical model in the form of a second-order polynomial is explained by 
the following quadratic Equation 3.9: 
 
Y β
 
 ∑ β
i
 i
k
i 1  ∑ βii i
2k
i 1  ∑ ∑ βi 
k
  i 1  i  
k
i 1        (Eq.3.9) 
Where Y is the response (dependent variable), Xi and Xj are the factors (independent 
variables), β0 is a constant, and β1, β2 and β3 are the coefficients of the main effects linear 
terms. β12, β23 and β13 are the coefficients of the interaction effects. β11, β22and β33 are the 
coefficients of the quadratic effects of factors X1, X2 and X3, respectively. The results were 
thoroughly analysed using Minitab16 statistical software.  
The experiments were designed using the RSM based on BBD model which presented in 
Chapter 5-section 5.3. A RSM was selected for the optimisation of biogas yield. 
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CHAPTER FOUR 
 
 
4. ALKALINE, AND ENZYME PRE-TREATMENT OF RICE 
STRAW 
 
 
This chapter discusses the effect of the different pre-treatment methods on the composition and 
structure of rice straw. The investigation into the best pre-treatment of rice straw was carried out 
in two stages. The first stage assessed three pre-treatment methods, alkali, enzyme and combined 
alkali and enzyme. Alkaline pre-treatment was carried out using NaOH at concentrations of 1% 
and 2% (w/v), for 30 minutes at 121C. Enzyme pre-treatment was carried out using commercial 
Viscamyl and Accellerase at a dosage of 15 FPU/g dried substrate. The combined alkali and 
enzyme pre-treatment was carried out at 1% NaOH and accellerase; 2% NaOH and Accellerase; 
1% NaOH and Viscamyl and 2% NaOH and Viscamyl. 
 
The results obtained during the first stage of pre-treatment processes evaluation indicated 
alkaline pretreatment is promising, especially 2% NaOH. Therefore, the aim of the second stage 
of pre-treatment was to optimise alkaline pre-treatment. For example, to investigate if a lower 
concentration would have a similar effect on rice straw composition and biogas yield. Therefore, 
the pre-treatment conditions for the second stage used the 2% NaOH as the mid-point with an 
aim to optimise the process. The experiments were designed using the RSM based on BBD 
model and the conditions tested were NaOH concentrations of 0.5%-5% (w/v), for 10-30 minutes 
and temperature between 60C and 121C. 
 
4.1 EFFECT OF PRE-TREATMENT ON RICE STRAW  
4.1.1 National Renewable Energy Laboratory (NREL) Analysis  
The main components of rice straw, typical of lignocellulosic material, are lignin, cellulose and 
hemicellulose. The complex network of cellulose arranges into bundles and is embedded in a 
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matrix structure of hemicellulose. Lignin on the cell wall covers hemicellulose and cellulose. 
The main aim of pre-treatment of lignocellulosic material for bioenergy production is to induce 
changes into their structure such that the cellulose and hemicellulose are easily accessible and 
convertible into degradable compounds. In this chapter, changes to the rice straw composition 
after alkali, enzyme and combined alkali and enzyme pre-treatment are discussed.  
 
The composition of raw and pre-treated rice straw measured according to the NREL method is 
shown in Figure 4.1. The analysis showed that lignin content decreased with NaOH pre-
treatment. The lignin content was reduced by 17.6% and 13.0% using 2% and 1% NaOH, 
respectively, compared to the untreated rice straw. Similarly, He et al. (2009) reported 22.9% the 
removal of lignin from rice straw using 6% NaOH. The lignin removal observed in this study 
indicates NaOH effectiveness vary with the type of rice straw used. In addition, He et al, (2008) 
showed that the alkaline pre-treatment was effective for degradation of 16.4% cellulose, 36.8% 
hemicellulose, and 28.4% lignin, while water soluble were increased by 122.5%. 
 
Hot-water soluble extractives are mainly soluble organics, such as lipids, phenolic compounds, 
fatty acids esters and waxes, hence can enhance biogas production. The results obtained show 
that rice straw hot-water soluble extractives content increased for all NaOH, enzymes, and 
combined alkali and enzyme pre-treatment conditions tested (Figures 4.1-4.3). 
 
The reductions in cellulose, hemicellulose and lignin were associated with an increase in water 
soluble extractives. After 1-2%NaOH pre-treatment, cellulose, hemicellulose and lignin were 
reduced by 28.1-39.2%, 1-10.8% and 13-17.6%, respectively,while the hot-water solubles were 
increased by 131.2%-133.7% (Figures 4.1). Lignin removal during NaOH pre-treatment of rice 
straw is shown in Figure 4.1. NaOH concentrations of 1-2% were sufficient to achieve a 
significant amount of  lignin removal. On the other hand, 2% NaOH significantly reduced 
cellulose and lignin removal. Cellulose solubilisation displayed an obvious difference during 
pre-treated rice straw, mainly because cellulose is more vulnerable than hemicellulose. There 
was no significant difference in hot water soluble removal between 1% and 2% NaOH. 
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In addition, Enzymes pre-treatment results indicate that the increase in the hot water extractive 
substances was mainly from the degradation of cellulose. Cellulose (6.1%-28.3%), hemicellulose 
(0.2%-22.3%), and lignin (1.7%-21.3%) were degraded, which were converted to hot-water 
soluble increased by 38.7%-152.3%. However, Accellerase enzyme was not a significant change 
in the hot water soluble (Figure 4.2). Combined alkali and enzyme pre-treatment, cellulose, 
hemicellulose and lignin were reduced by 23.8%-34.5%, 12.4%-26.1%, and 17.5%-28.9%, 
respectively, and the hot-water soluble substances were increased by 131.2%-187% (Figures 
4.3). 
 
Figure 4.1: Composition of untreated and NaOH pre-treated rice straw. 
 
Figure 4.2: Composition of untreated and enzyme pre-treated rice straw. 
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Figure 4.3: Composition of untreated and combined alkaline and enzyme pre-treated rice straw. 
 
The degradation of lignin partially contributed to the water soluble extractives, that they include 
small moleculars such as sugar, pectin, starch and inorganics (He et al. 2009; Hendriks & 
Zeeman 2009). The pre-treatment appeared to have an impact on the cellulose content with 
reductions in cellulose with the increase in water soluble extractives. It is likely that these 
soluble extractives are rich in cellubiose and glucose, readily degradable organics .Therefore, the 
increased amount of hot water extractive indicates these pre-treatments could enhance biogas 
production from rice straw (These results are shown in section 5.2-chapter 5). 
 
The weight loss of rice straw pretreated by 1% NaOH, 2% NaOH, Accellerase, Viscamyl, 
combined 1% NaOH and Accellerase, combined 2%NaOH and Accellerase, combined 1% 
NaOH and Viscamyl and combined 2%NaOH and Viscamyl was 18.8%, 20.9%, 9.5%, 22.3%, 
22.1%, 23.6%, 24.4% and 26.4%, respectively.The reduction in the lignin fraction in pretreated 
rice straw ranged from 17.6% to 28.9% (Figure 4.4). 
 
The result showed that the pre-treatment improved lignin removal. The results obtained from the 
combined alkali and enzyme treated rice straw showed the used of combined 2% NaOH and 
Viscamyl had the effect of increasing lignin degradation. This indicates the effictiveness of 
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combined  pre-treatment. The alkali pre-treatment using 2% NaOH had the effect of  breaking 
down hydrogen bond interactions which can act to solubilise lignin. Viscamyl enzyme make 
more easily the conversion of cellulose.  
 
It has also been reported that alkaline pre-treatment of rice husk with 2-8% NaOH had a similar 
effect where  lignin decreased by 96% with the increase of NaOH concentration (Ndazi et al. 
2008).  
 
 
Figure 4.4: The effect of pre-treatment on delignification of rice straw. 
 
The VS available in rice straw consists of carbohydrates and lignin among which the 
carbohydrates can be converted to methane. Pre-treatment aims to break down the lignin to 
enhance methane production. The composition of raw and treated rice straw are shown in Table 
4.1.  
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Table 4.1: The composition of untreated and treated rice straw. 
Pre-treatment conditions 
 
TS 
(%) 
VS 
(%) 
Ash 
(%) 
Untreated rice straw 
Accellerase 
Viscamyl  
1% NaOH 
2% NaOH 
1% NaOH and Accellerase  
2% NaOH and Accellerase  
1% NaOH and Viscamyl  
2% NaOH and Viscamyl 
93.50±0.44 
94.78±0.69 
94.46±1.34 
94.03±0.87 
94.89±0.65 
94.54±0.73 
93.78±0.62 
94.75±0.34 
94.40±0.39 
79.26±1.01 
87.92±0.47 
93.56±1.03 
91.00±1.13 
91.38±0.68 
91.92±1.01 
90.19±1.03 
92.44±0.98 
93.78±0.87 
9.28±0.04 
5.10±0.02 
3.28±0.12 
4.36±0.08 
3.81±0.13 
3.71±0.02 
5.03±0.15 
2.76±0.07 
2.12±0.06 
 
The second stage of pre-treatment was to optimise alkaline pre-treatment by using the RSM. As 
discussed in section 4.1.1. The analysis of the alkaline pre-treatment has revealed that is 
significant when the concentration of NaOH is at 2%. Therefore this phase of experiments aimed 
to investigate the optimum NaOH pre-treatment (NaOH concentrations of 0.5%-5% (w/v), for 
10-30 minutes and temperature between 60C and 121C). 
 
The composition of pre-treated rice straw was calculated and is shown in Figure 4.5. The results 
of lignocellulosic composition, cellulose ranged from 29% to 39.3%, hemicellulose obtained 
between 19.4% and 33.3% and lignin were from 10.7% to 26.1%, ranging hot water solubles 
between 18.5% and 27.6%. The pre-treatment of rice straw using 5% NaOH and 90 °C for 30 
minutes generated statistically similar overall cellulose and hemicellulose compared to a pre-
treatment time of 10 minutes. Pre-treatment time for 30 minutes was sufficient to achieve a 
significant amount of lignin removal which concentrations of NaOH (more than 0.5%). Increased 
NaOH concentrations and longer times in pre-treatment of rice straw resulted higher lignin 
removal.  
 
After pre-treatment, the weight loss and composition change of rice straw are important. Figure 
4.6 shows the increase of alkaline concentration from 0.5% to 5% NaOH, the weight loss was 
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higher than the untreated rice straw, ranging between 10.5% and 15.3%. 
 
Figure 4.5: Compositions of rice straw before and after alkaline pre-treatment. 
 
Figure 4.6: Weight loss of rice straw before and after alkaline pre-treatment. 
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The cellulose recovery for all pre-treatment conditions was more than 60%. The results show that 
the retention time has effect on the amount of cellulose. The highest cellulose recovery (86.98%) 
is found pre-treatment conditions at 2.75% NaOH and 121C for 30 minutes (Table 4.2).  
 
This finding is in agreement with Bjerre et al. (1996) which showed the process hydrolysis for 
wheat straw combined wet oxidation and alkaline pre-treatment has the highest cellulose 
recovery yield, reached 85%. The pre-treated rice straw contacts the pre-treatment process for 30 
minutes. It is probably because the longer pre-treatment time of the rice straw in the process 
provides larger amounts of cellulose. Previous study has reported cellulose fraction increased 
with both temperature and retention time, especially at high temperature (Liu & Wyman 2004). 
 
After a variety of pre-treatment conditions, lignin removal is important to affect by the 
degradation of the straw. The lignin related the neighbouring hemicellulose contents indicated 
that the alkaline pre- treatment under the NaOH concentration, time and temperature condition 
can peel surface of lignin. The results of this study show that the highest reduction of lignin is 
35.87%.  
 
The study findings seem to be consistent with other research which found 28.4% lignin was 
degraded by NaOH treated rice straw. The lignin carbohydrate esters bonds were broken down 
by hydrolysis reactions (He et al. 2008).  
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Table 4.2: Cellulose recovery and lignin removal for optimisation of alkaline pretreatment  
Run Process conditions Cellulose recovery Lignin removal 
NaOH (%) Time (mins) Temp (C ) (%) (%) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
5 
0.5 
2.75 
2.75 
2.75 
0.5 
5 
0.5 
5 
5 
2.75 
2.75 
5 
2.75 
2.75 
2.75 
0.5 
2.75 
2.75 
5 
5 
2.75 
0.5 
2.75 
0.5 
0.5 
2.75 
5 
0.5 
2.75 
20 
20 
20 
10 
30 
10 
30 
20 
20 
20 
10 
10 
30 
10 
20 
20 
20 
30 
30 
10 
20 
30 
10 
20 
30 
30 
20 
10 
20 
20 
121.0 
121.0 
90.5 
60.0 
121.0 
90.5 
90.5 
60.0 
60.0 
121.0 
60.0 
121.0 
90.5 
121.0 
90.5 
90.5 
60.0 
60.0 
121.0 
90.5 
60.0 
60.0 
90.5 
90.5 
90.5 
90.5 
90.5 
90.5 
121.0 
90.5 
75.16 
60.31 
84.33 
80.35 
86.98 
61.32 
85.23 
70.31 
75.14 
84.32 
80.13 
83.31 
81.19 
83.81 
82.31 
83.23 
69.68 
82.87 
86.32 
84.31 
81.01 
85.68 
62.31 
83.64 
70.32 
70.30 
84.32 
83.21 
61.32 
83.64 
24.31 
8.94 
24.32 
23.21 
35.87 
7.12 
29.45 
12.32 
25.31 
35.31 
25.64 
35.31 
26.34 
35.21 
24.38 
26.35 
11.34 
25.31 
33.64 
22.31 
25.35 
32.01 
7.80 
23.35 
13.32 
12.39 
26.34 
21.35 
8.97 
25.68 
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4.1.2 Fourier Transform Infrared (FTIR) Analysis  
In this study, FTIR was performed to characterise the structure of rice straw. It is important to 
note that the use of FTIR and NMR (section 4.1.4) would relate different information on the 
Crystallinity Index (CrI). The measurement for the CrI using FTIR which is based on peak 
heights at 1430 cm
-1
 relating to CH2 bonding in cellulose associated as “crystalline” and 898 cm
-1
 
for the C-O-C β (1-4) glycosidic bond stretching associated as “amorphous” (O’Connor et al. 
1958). CrI (A1430/A898) provides an accurate representation of the ratio of crystalline to 
amorphous regions in the cellulose as it can easily show the increasing disordering of the 
structure (Fan et al. 2012).  
 
The measurement of the Total Crystallinity Index (TCI) by using A1375/A2900 (Nelson et al. 1964) 
is a good tool at providing information about the total order in the crystalline morphology over 
the structure, allowing for greater incorporation of cellulose of different crystalline morphology 
(Karimi & Taherzadeh, 2016). However, the only downside being that data for the TCI in the 
literature provided is only relative and not absolute values (Park et al. 2010). This method is 
more beneficial as the peak at 1375 cm
-1
 has a much lower transformation when converted from 
Cellulose I to Cellulose II (Oh et al. 2005). 
 
The FTIR analysis results for the untreated and the pre-treated rice straw are shown in Figure 4.7. 
For the rice straw samples treated using combined 2% NaOH and viscamyl, it appears that a shift 
from Cellulose I to Cellulose II has occurred due to peak shifts in the peak 1430 cm
-1
 towards 
1420 cm
-1
 (Oh et al. 2005). The drop in recorded CrI may have been enhanced to solubilisation 
of the lignin (1422 cm
-1
) and hemicellulose (1425 cm
-1
) impacting the peak high with the 
samples treated with 2% NaOH as the peak has shifted towards 1420 cm
-1
 and rice straw treated 
with viscamyl has the peak high as peaks at 1430 cm
-1
 with the change in morphology 
(Gierlinger et al. 2008). To illustrate this effect two spectra are shown below in Figure 4.8 one 
treated with viscamyl and the other treated with 2% NaOH.  
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Figure 4.7: FTIR spectra, the peak of absorbance for the untreated and treated rice straw. 
 
 
Figure 4.8: FTIR crystallinity shift observed at 1430 cm
-1
. 
 
The pre-treatment using combined 2% NaOH and viscamyl was the most effective, where the 
rice straw CrI dropped from 0.62 (untreated rice straw) to 0.41. Pre-treatment methods had the 
effect of CrI, which is sensitive to the amount of crystalline and amorphous in the cellulose 
(O’Connor et al., 1958). The lower value of CrI reflects a more disordered structure in rice straw 
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samples. The TCI is assigned to the absorption band at 1372–2900 cm-1. The TCI for untreated 
rice straw was 1.45, whereas the TCI for pre-treated samples ranged from 1.15 to 1.47. These 
results were matched well to the results of CrI from the FTIR. 
 
 
 
Figure 4.9: The TCI and Cr I for the untreated and pre-treated rice straw. 
 
In addition the reduction in the peak at 1627 cm
-1
 indicated the amount of lignin in all treated rice 
straw was lower than that in the untreated rice straw (Table 4.3). In the cellulose regions are 
mainly responsible for making high crystalline (A1430) and low amorphous (A898) (Karimi & 
Taherzadeh 2016). Cellulose I, II, hemicellulose and lignin obtained for the chemical 
compositions changes by pre-treatment. 
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Table 4.3: Characteristics and variation of bands in FTIR of the untreated and pre-treated rice straw. 
Wave 
Number 
(cm
-1
) 
Functional group Assignment Band intensity 
Untreated Treated rice straw 
Accellerase Viscamyl 1% 
NaOH 
 
2% 
NaOH 
 
1% NaOH 
and 
Accellerase 
2% NaOH 
and 
Accellerase 
1% NaOH 
and  
Viscamyl 
2% NaOH 
and 
Viscamyl 
3175 
2900 
1730 
1627 
1510 
1465 
1430 
1375 
1158 
898 
O-H stretching 
C-H stretching 
C=O stretching 
C=C stretching 
Aromatic C-O  
Asymmetric in C-H3 
C-H2 stretching 
C-H stretching 
C-O-C stretching 
Glucose ring  
Cellulose 
Cellulose 
Hemicellulose 
Lignin 
Lignin 
Lignin 
Cellulose I 
Cellulose 
Cellulose 
Cellulose II 
0.025 
0.017 
0.016 
0.176 
0.073 
0.074 
0.023 
0.025 
0.063 
0.037 
0.206 
0.045 
0.032 
0.156 
0.061 
0.064 
0.061 
0.066 
0.135 
0.111 
0.191 
0.051 
0.033 
0.142 
0.052 
0.061 
0.063 
0.070 
0.120 
0.132 
0.183 
0.049 
0.034 
0.163 
0.072 
0.072 
0.048 
0.071 
0.161 
0.110 
0.191 
0.046 
0.031 
0.142 
0.053 
0.064 
0.056 
0.061 
0.123 
0.127 
0.192 
0.055 
0.032 
0.143 
0.064 
0.054 
0.067 
0.074 
0.168 
0.124 
0.171 
0.039 
0.036 
0.144 
0.063 
0.074 
0.051 
0.055 
0.181 
0.100 
0.171 
0.039 
0.032 
0.105 
0.043 
0.063 
0.049 
0.053 
0.162 
0.104 
0.181 
0.056 
0.038 
0.112 
0.043 
0.063 
0.058 
0.064 
0.103 
0.142 
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FTIR was performed to characterise the structure of rice straw. The relative peak heights 
occurring at this wavelength (2900 cm
-1
) were found to be greater for the increase in cellulose 
with NaOH pre-treated rice straw. The samples pre-treated using a 2.75% NaOH solution showed 
a greater reduction in relative peak height compared to the samples pre-treated using a 0.5% 
NaOH, indicating that pre-treatment at 2.75% concentration was more effective (Figure 4.10). 
FTIR results show that pretreatment at 2.75% NaOH concentration for 121ᵒC at 30 minutes 
resulted in the highest cellulose. On the other hand, compositional analysis for NaOH pre-
treatment at 121ᵒC resulted shows that the highest cellulose fraction, indicated that 30 minutes 
was better than 10 minutes. This coincided that pre-treatment time was the most important factor 
controlling cellulose concentration. This same pattern was evident when considering the relative 
peak heights of the band at 1430 cm
-1
. This is characteristic of lignin in the biomass obtained 
from compositional analysis and corresponds with the results the lowest concentration. The 
reduction occurred at peak shifts of 1718 cm
-1
, assigned C=O stretching in the side chains of 
lignin as well as lignin removal (He et al. 2008). 
 
 
Figure 4.10: FTIR spectra, the peak of absorbance for the untreated and NaOH treated rice 
straw. 
 
Figure 4.11 shows various relative crystallinity indexes for the pre-treated rice straw samples. 
The values of CrI were evaluated using the ratio of the peak heights at 1430 cm
-1 
and 898 cm
-1
. In 
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each sequential pre-treatment run, ratios for CrI were found to be greater than the untreated rice 
straw, indicating a relative decreased CrI. This decrease have been the result of enhance 
hydrolysis of amorphous cellulose II and removal lignin and hemicellulose throughout the pre-
treatment of lignocellulosic materials (Sun & Cheng 2002). Apart from increasing pre-treatment 
time from 10 to 30 minutes, 2.75% NaOH and 121ᵒC, resulted in relative decrease in cellulose 
crystallinity. This change was most obvious for samples pre-treated at 121ᵒC, with increased pre-
treatment time is indicative that cellulose Iβ conversion to cellulose II, was occurring alongside 
cellulose II solubilisation (Wada et al. 2010). Considering this pattern was for samples pre-
treated from 0.5 to 5% NaOH, 60ᵒC and 121ᵒC indicates this combined method of concentration 
and temperature were suitable for cellulose conversion reactions. The results of compositional 
analysis shows greater lignin removal with increased time, resulting in reduced cellulose 
crystallinity. The CrI for untreated and treated rice straw was 0.62 and 0.43-0.61, respectively 
(Figure 4.11). 
 
 
Figure 4.11: The CrI for raw and pretreated rice straw. 
 
4.1.3 Scanning Electron Microscopy (SEM) Analysis  
The SEM images showed that the surfaces of rice straw were destroyed by the effects of pre-
treatment. Removals of hemicellulose and lignin were reported to make the surface unsmooth, 
and some parts of the outer surface crack (Dehghani et al. 2015) as shown in Figure 4.12. The 
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increase in pore can clearly access on the surface of the rice fibrils. This would allow for greater 
access to the hemicellulose cellulose for extracellular enzymes, which likely aided the increased 
digestibility observed. The rice straw on the surface crack and split had the effect of the alkali 
and enzyme pre-treatment that mainly removes the amount of hemicellulose. The maximum 
separation of cell wall produced on using combined 2% NaOH and viscamyl (Figure 4.12i). The 
structure of rice straw change could be linked to enhanced combination of alkali and enzyme 
pre-treatment as lignin removal.  
 
 
Figure 4.12: SEM images of x600x30kV(a) the untreated rice straw; treated rice straw with (b) 
1%NaOH; (c) 2%NaOH; (d) Accellerase; (e) 1%NaOH and Accellerase; (f) 2%NaOH and 
Accellerase;(g) Viscamyl; (h) 1%NaOH and Viscamyl; (i) 2%NaOH and Viscamyl. 
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Figure 4.13: SEM images of NaOH pre-treatment (a) 1%NaOH; (b) 2%NaOH. 
 
Figure 4.14 shows the surface of rice straw samples after enzyme pre-treatment that treated with 
accellerase (Figure 4.14a), which droplet shapes appear at the surface of rice straw that are lignin.  
 
 
Figure 4.14: SEM images of enzyme pre-treatment with (a) Accellerase; (b) Viscamyl. 
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Figure 4.15: SEM images of combined pre-treatment (a) 1%NaOH and Accellerase; (b) 
2%NaOH and Accellerase; (c) 1%NaOH and Viscamyl; (d) 2%NaOH and Viscamyl. 
 
The SEM images show the changes to the surface of rice straw caused by pre-treatments. The 
effects of temperature were very differently fiber structure. Figure 4.16 shows the surface of rice 
straw samples after pre-treatment at temperatures of 60C and 121C. It was observed that 
semispherical formations appear on the cell wall that droplet shapes are lignin present in the 
surface (Selig et al. 2007). The amount of residues on the rice straw surfaces decreased for both 
pre-treatment temperatures (Figure 4.16b) at 121C for 30 minutes, mainly removes the 
hemicellulose fraction. These findings further support the idea of thermal pre-treatment to reduce 
the amount of lignin, when temperature is approximately between 120°C and 200°C (Koo et al., 
2012; Liu and Wyman, 2004). However, numerous studies have attempted to explain the results 
of combined thermal pre-treatment with NaOH had better than individual (thermal or chemical 
pre-treatment) (Taherzadeh & Karimi, 2008; Moeller-Chávez & González-Martínez, 2002; 
DiStefano & Ambulkar, 2006; Kim et al., 2003). 
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Figure 4.16: SEM images (x1000x30kV), of rice straw after pre-treatment with 2.75% NaOH 
and 30 minutes at the different of temperature (a) 60C, (b) 121C  
 
This study produced results which the findings of a great deal of the previous work in this field. 
The findings of the current study are consistent with those of Lima et al. ( 2013) who found the 
effect of NaOH pre-treatment on the eucalyptus bark samples surface is the separation of the cell 
wall when used NaOH concentrations higher than 0.5%. In lower concentrations of NaOH (less 
than 1%) was not peel off the surfaces of cellulose. The current study found that is achieved 
using 5% NaOH (Figure 4.17b) changed the structural of rice straw and also linked to lignin 
removal. These images (Figure 4.17) show increased NaOH concentration in samples treated 
with 5% NaOH, enhance the separation of the boundary walls as the main lignin of migration, 
which connect with bordering cell wall, when compared to 0.5% NaOH. As shown in Figure 
4.17a, the great number of lignin droplets was observed at 0.5% NaOH pre-treatment.  
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Figure 4.17: SEM images (x1000x30kV), of rice straw after pre-treatment with 121C and 20 
minutes at the different of NaOH concentration (a) 0.5%, (b) 5%  
 
Figure 4.18a shows the surface of rice straw after treated 2.75% NaOH for 10 minutes has a few 
number of droplets, when compared with the sample (Figure 4.18b). Increased pre-treatment 
time resulted in pore volume at the boundaries of two cell walls through the structural changes in 
migrating lignin. 
 
 
Figure 4.18: SEM images (x1000x30kV), of rice straw after pre-treatment with 2.75% NaOH 
and 121C at the different of retention time (a) 10 minutes, (b) 30 minutes. 
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4.1.4 Nuclear Magnetic Resonance Spectroscopy (NMR) Analysis  
A limitation of FTIR is the potential for peak interaction due to lignin or hemicellulose, although 
due to the wide spectra this is largely avoided. The drawback in measurement of CrI via NMR is 
that it provides a relative crystallinity, due to the measurement of all the crystalline cellulose and 
all the amorphous polysaccharides (Karimi & Taherzadeh 2016). NMR provides a more accurate 
by measuring the cellulose crystallinity. The high reduction of crystallinity with combined 
2%NaOH and viscamyl pre-treatment using FTIR by measuring the section 4.1.2 was confirmed 
by NMR analysis. This was to be expected with the increased hydrolysis rate of cellulose II 
allowing for greater reduction of the changed morphology.  
 
The NMR spectra of cellulose in the untreated and pre-treated rice straw are shown in Figure 
4.19. C-1 to C-6 is position of cellulose carbon, crystalline cellulose and amorphous cellulose. 
The absorption peak at 110 ppm is assigned to C-1 of glucose in cellulose. The clusters of 
resonances around the peaks at 75 to 78 ppm are assigned to C-2, C-3 and C-5 of cellulose. The 
peaks at 68 ppm and 66 ppm are assigned to the C-6 of crystalline and amorphous cellulose 
respectively (Ogura et al. 2013). The peaks at 87 ppm and 90 ppm are attributed to C-4 with the 
former representative of amorphous and the latter crystalline cellulose (Foston 2014). Shown 
below are the 
13
C NMR spectra for three pre-treatment conditions (2% NaOH, Viscamyl, 
Combined 2% NaOH and Viscamyl) the changes in peak intensity at C-4 clearly shows the effect 
of pre-treatment. 
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Figure 4.19: NMR images of (a) the untreated rice straw; treated rice straw with (b) 2% NaOH; 
(c) Viscamyl; (d) combined 2% NaOH and Viscamyl. 
 
The changes to the NMR CrI values showed that the ratio of crystalline cellulose to amorphous 
increased for both the enzyme on its own and alkaline pre-treatment (Table 4.4). The change 
experienced by the alkaline pre-treatment may have been due to a slight change in cellulose 
structure from cellulose Iβ to Cellulose II which has higher cellulose crystallinity (Schenzel et al. 
2009), this is supported as Cellulose II contains two peaks for its crystalline phase (Zuckerstätter 
et al. 2013), the leading peak can be seen in Figure 4.20.  
 
Wada et al. (2010) provides a plausible explanation for this observation that after alkaline pre-
treatment applied to sugarcane bagasse, the cellulose was converted from cellulose I to cellulose 
II. The saccharification ratio of cellulose II was higher than that of cellulose I. 
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Figure 4.20: NMR images of the rice straw treated with 2% NaOH. 
 
A similar unexpected increase has been observed by He et al., (2008) who attributed the apparent 
increase due to the greater hydration of the amorphous areas with X-ray powder diffraction 
(XRD) measurements. The increase in crystallinity following treatment with viscamyl
 
is to be 
expected as this enzyme cocktail contains both progressive Exoglucanase and sheering 
Endoglucanase enzymes which are known to degrade amorphous cellulose more rapidly than 
crystalline thus leading to larger hydrolysis in the amorphous regions increasing the NMR CrI of 
the biomass (Puri 1984).  
 
The CrI in rice straw pre-treatment (2% NaOH and viscamyl) is 0.27, which has a minimum CrI. 
This is likely due to the greater enzyme digestibility of Cellulose II over crystalline Cellulose Iβ 
leading to increased enzymatic hydrolysis of Cellulose II into cellubiose (Wada et al. 2010). 
During the pre-treatment, Hydroxyl groups and the crystalline in the cellulose were destroyed 
structure. In the raw material was reducing the crystallinity and increasing amorphous structure 
(Karimi & Taherzadeh 2016). 
 
Table 4.4: The NMR CrI values for rice straw at the different pre-treatment.  
Sample Area of 87 ppm 
(Amorphous) 
Area of 90 ppm 
(Crystalline) 
NMR CrI  
Untreated rice straw  19,934.59 8,099.67 0.29 
2% NaOH  15,412.44 14,571.03 0.49 
Viscamyl  9,673.38 7,216.86 0.43 
Combined 2% NaOH and Viscamyl  10,206.87 3,702.46 0.27 
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4.2 CONCLUSIONS IN CHAPTER 4 
In this chapter, the effect of alkali and enzyme pre-treatment on rice straw composition was 
evaluated in two stages.  
The first stage comprised pre-treatment using alkali, enzyme and combined alkali and enzyme. 
The main findings are summarised below: 
 Pre-treatment of rice straw using NaOH, enzyme, and combined NaOH and enzyme 
resulted in 130.5%-133.7%, 38.7%-152.3% and 131.2%-187%, respectively and 
increased water soluble extractives.  
 The increase in water soluble extractives with pre-treatment was due to the solubilisation 
of the main components of rice straw, i.e. cellulose and lignin. 
 All pre-treatment processes tested led to reduction in the cellulose crystallinity and lignin 
contents. The combined 2% NaOH and Viscamyl was most effective in terms of 
reduction to the CrI, which was reduced to 0.41 compared with 0.62 for the untreated rice 
straw. The TCI for the different pre-treatments ranged between 1.15 - 1.47.  
 SEM images showed that the structure of the rice straw changed as the pre-treatment 
destroyed the hemicellulose and lignin. 
 NMR CrI values showed that the ratio of crystalline cellulose to amorphous decreased for 
combined 2% NaOH and Viscamyl pre-treatment. 
 
The second stage investigated the alkaline pre-treatment under NaOH concentration (0.5%-5%), 
time (10-30 minutes) and temperature (60C -121C).  
 In alkaline pre-treatment conditions, lignin removal is important to increase the 
degradation of the rice straw. The highest cellulose recovery (86.98%) is found at pre-
treatment conditions of 2.75% NaOH and 121C for 30 minutes. Thermal pre-treatment 
to reduce the amount of lignin, is optimal when temperature is exactly 121°C. 
 The compositional analysis shows greater lignin removal with increased time, resulting in 
reduced cellulose crystallinity. The CrI for untreated and treated rice straw was 0.62 and 
0.43-0.61, respectively. 
 SEM studies show the images of the cell-wall structuring and lignin migration after 
alkaline pre-treatment.  
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CHAPTER FIVE 
 
 
5. ENHANCING BIOGAS PRODUCTION FROM RICE 
STRAW THROUGH ACOD AND PRE-TREATMENT 
 
 
This chapter presents the second phase of experimental work comprised carrying out 
biochemical methane potential tests to evaluate the yield of biogas from raw rice straw, pre-
treated rice straw and AcoD of untreated and pre-treated rice straw with sewage sludge. The 
aim of this chapter is to present the results obtained and discuss the effects of pre-treatment 
and AcoD with sewage sludge on biogas yield.  
 
5.1 ACOD OF SEWAGE SLUDGE WITH RICE STRAW  
The BMP for untreated rice straw co-digested with sewage sludge was assessed at ratios of 
SS:RS of 40:60, 30:70, 20:80 and 10:90. The biogas yields at the different ratios are shown in 
Figure 5.1. These results show that the biogas yield for all SS:RS ratios was higher than that 
obtained for the single substrates, where the biogas yield for SS:RS of 10:90, 20:80, 30:70 
and 40:60 was 38%, 130%, 101% and 97% higher than the yield from sewage sludge as a 
mono-substrate, respectively, and 59%, 165%, 131%, 123% higher than the yield from rice 
straw as a mono-substrate, respectively. These results confirm a synergistic effect for the 
AcoD of rice straw and sewage sludge.  
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Biogas daily production for the different SS:RS ratios varied over the time as well as with the 
ratios of the substrates (Figure 5.1a). The results shown indicate that the rate of biogas 
production can be classified into three categories across three different periods; 0-12, 12-28, 
28-35 days. During the first 7days the reactors receiving SS:RS at 40:60 and 30:70 and 20:80 
showed higher rate of gas production and showed no lag phases whereas, the reactors 
receiving SS:RS at rations of 10:90, 0:100 showed a lag phase (very low rate of productions 
followed by an increase in production) of 5 and 7 days, respectively. But sewage sludge, i.e. 
SS:RS 100:0 though had low production at the start it increased over the during day to 7 
before it stabilised at a low daily production. The rate of biogas production during the second 
period (12-28 days), Biogas production for the reactors with SS content of 20%-40% had 
almost the same net production, whereas the reactors with the single substrates SS and RS 
had lower production. The effect of AcoD was obvious for the SS:RS 10:90, after day 14 
where production continued to exceed that for rice straw (0:100). The trend observe here 
indicate that mixing the two substrates led to improved nutrients and C/N availability in the 
AD reactors. During the third period (28-35 days) all reactors showed stabilised production 
and the feedstock of SS:RS at 20:80 had the highest biogas yield of 260.2 mL/gVS and 
methane yield of 179.5 mL CH4/gVS.  
 
 
Figure 5.1: Biogas yield for different ratios of sewage sludge (SS) and rice straw (RS). 
(a) daily biogas yield; (b) cumulative biogas yield.  
 
0
50
100
150
200
250
0 4 8 12 19 25 30 34
D
ai
ly
 b
io
g
as
 y
ie
ld
 (
m
L
/g
V
S
.d
) 
100:0 30:70 40:60
20:80 0:100 10:90
(a) 
SS:RS 
Day 
   
83 
To assess the effect of AcoD on biogas yield the single substrates biogas yield  was used to 
predict the biogas yield for AcoD of SS and RS based on their percentages in the feedstock 
using Equation 3.3 (Chapter 3) (Beltran et al. 2016). This biogas yield is referred to in this 
study as “calculated biogas”. The experimental biogas yield for each AcoD mixture was 
compared with the calculated biogas yield. The single substrate biogas yield for sewage 
sludge and rice straw, i.e.100% SS and 100% RS were 113 and 98 (mL/gVS added), 
respectively. The calculated and actual biogas yield for the AcoD of different of ratios of 
SS:RS are shown in Figure 5.2. The biogas yields obtained for the AcoD of sewage sludge 
and rice straw were higher than the calculated biogas yield, for all SS:RS ratios, which 
confirms the synergistic effect of the AcoD of these two substrates. It is noticed in this case 
that both rice straw and sewage sludge had a similar biogas yield, consequently the calculated 
biogas for the different ratios were very similar and ranged from 99.9 to 104.3 mL/gVS. The 
results show an increase in biogas production of 57%, 157%, 121% and 107% was achieved 
with the AcoD of a feedstock containing 10%, 20%, 30% and 40% sewage sludge was added 
to rice straw. 
 
 
Figure 5.2: Biogas yield from the AcoD of SS and RS: experimental versus calculate biogas 
yield. 
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The methane content of the biogas for the different AcoD rations is given in Table 5.1. The 
highest methane yield of 69% obtained was for the AcoD of SS:RS of 20:80. 
 
Similar observation Darwin et al. (2014), observed that increased methane production for the 
mixture of swine manure and rice straw had the best effects on the composition balances. The 
highest methane yield at 3% TS was around 141.4 mL CH4/gVS added. The highest COD and 
VS removal were around 52.97% and 61.81%, respectively. Also Cundr & Haladová (2014) 
reported that the highest potential was reached using a mixture of zebu manure and rice straw 
at a ratio of 20:80, which produced methane yield of 163.23 mL/gVS. 
 
Table 5.1: Experimental substrates mixtures C/N ratios in AcoD of sewage sludge and rice 
straw. 
SS:RS 
a
 C/N Biogas 
Production 
(mL) 
Biogas yield 
(mL/gVS) 
CH4 
(%) 
pH 
initial 
pH 
final 
100:0 
40:60 
8.16 
15.62 
1,005±9.3 
1,159±7.5 
113.00±2.2 
219.69±1.4 
60±2.7 
55±1.2 
7.05±0.01 
7.08±0.02 
7.50±0.03 
7.48±0.01 
30:70 19.12 1,234±10.2 226.85±3.3 60±2.3 7.07±0.01 7.45±0.01 
20:80 25.20 1,345±11.7 260.18±3.8 69±2.9 7.07±0.01 7.40±0.01 
10:90 37.96 1,222±9.8 156.40±2.9 54±1.8 7.11±0.02 7.47±0.01 
0:100 82.39 1,019±5.6 98.43±1.1 51±1.4 7.28±0.01 7.56±0.02 
a
 Based on VS 
 
The TS, VS and both total and soluble COD removal for the AcoD of rice straw with sewage 
sludge at different ratios are presented in Figure 5.3. It was found that TS removal ranged 
between 30% and 59% and the corresponding VS removal was from 34% to 65%. The TS 
and VS removal for 10:90 is mainly due to degradation of SS. For the 40:60, 30:70, and 
20:80 though less gVS of SS is presented. VS removal is much higher than both single 
substrates. In addition the trend in VS removal correlated with the increase in the percentage 
of rice straw though it is less degradable than sewage sludge which indicates the strong 
correlation with the C/N ratio, where the latter increased from 15.6 to 25.2 with the increase 
in rice straw in the feedstock from 60% to 80%. In addition these results indicate that under 
these conditions the solubilisation of rice straw was enhanced and therefore biogas 
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production increased due to the organics produced with the hydrolysis of rice straw. The 
tCOD and sCOD removal increased with the increase in C/N ratio, i.e. with the increase in 
rice straw up to C/N ratio of 25.2. Comparing the concentration of chemical oxygen demand 
in Figure 5.3b, it was noticed that the slightly higher tCOD in the SS:RS ratio of 40:60, 
30:70, and 20:80 was observed. The addition of rice straw increased tCOD by 10.63-27.23%, 
compared with sewage sludge fed alone. The high tCOD and sCOD at the SS:RS of 20:80 
though VS, TS removal was low indicate that biogas production was mainly due to the 
degradation of the readily degradable fraction of the sewage sludge. The results AcoD of rice 
straw with sewage sludge has great potential in enhancing the methane yield. 
 
These results are in agreement with the results reported by Dioha et al. (2013). They worked 
with rice husks, sugar cane bagasse and neem leaves and reported the biogas yields depend 
on C/N ratio of the various feedstocks. The results showed biogas yields of 280 mL/gVS, 200 
mL/gVS and 150 mL/gVS when the C/N ratio of 47, 53 and 83, respectively, indicating an 
increase the C/N ratios affect the volume of the biogas production. 
 
Komatsu and Kudo (2007) reported similar results for the AcoD of rice straw with sewage 
sludge. They used a feedstock comprised of sewage sludge and rice straw mixed at a ratio of 
SS:RS of 1:0.5 based on gTS. They observed that TS and VS removal increased by 51.60% 
and 60.50%, respectively. 
 
 
Figure 5.3: AcoD of sewage sludge and rice straw on reduction: 
 (a) TS and VS, (b) tCOD and sCOD. 
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5.2 ACOD OF SEWAGE SLUDGE WITH PRE-TREATED RICE STRAW  
The aim of pre-treatment was to breakdown the matrix structure of lignin and hemicellulose 
and make the cellulose available for the anaerobic digestion process. The pre-treatment 
methods investigated comprised alkali, enzyme and combined alkali and enzyme (section 4.1, 
chapter 4). During this phase of experimental work alkaline pre-treatment was carried out 
using 1% NaOH and 2% NaOH. These concentrations were selected based on the findings 
reported in the published literature as discussed in section 2.3.3 (chapter 2). Enzyme pre-
treatment was carried out using Viscamyl and Accellerase at a dosage of 15 FPU/g dried 
substrate. In addition the effectiveness of combined alkaline and enzyme pre-treatments was 
investigated at the same conditions at which each pre-treatment was assessed. BMP tests 
were carried out to assess biogas production from untreated and pre-treated rice straw 
samples. The results obtained the experiment of AcoD sewage sludge with untreated rice 
straw are shown in section 5.1 showed that the optimal composition of substrates was at a 
ratio of SS:RS 20:80. Therefore this phase of experiments aimed to use the feedstock 
comprised sewage sludge and rice straw mixed at 20:80 for rice straw pre-treatment.  
 
The cumulative biogas produced for all pre-treated samples are shown in Figures 5.4-5.6. The 
cumulative biogas produced from the AcoD of sewage sludge and rice straw pre-treated using 
1% NaOH and 2% NaOH were 275.96 mL/gVS and 285.60 mL/gVS, respectively. These 
results revealed an increase of 23.50% and 27.81% compared with untreated rice straw 
(223.45 mL/gVS) (Figure 5.4). The cumulative biogas production achieved through AcoD of 
sewage sludge and rice straw pre-treated using enzyme at different conditions for Viscamyl 
and Accellerase were 344.49 mL/gVS and 271.44 mL/gVS, respectively. These results 
indicated an increase of 54.17% and 21.48% compared with untreated rice straw (Figure 5.5). 
The cumulative biogas production resulting from AcoD of sewage sludge and rice straw 
through pre-treatment at different conditions that combined 2% NaOH with Viscamyl, 
combined 1% NaOH with Viscamyl, combined 2% NaOH with Accellerase and 1% NaOH 
with Accellerase were 393.99, 355.90, 291.37 and 267.70 mL/gVS, respectively. These 
outcomes recorded increases of 76.32%, 59.28%, 30.40% and 19.80%, respectively, 
compared with untreated rice straw (Figure 5.6). 
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Combined Viscamyl with 2% NaOH pre-treatment was more effective than the mono pre-
treatment as it had the highest biogas production of 393.99 mL/gVS. The highest methane 
content achieved was 73.98%.These results showed that combined alkali and enzyme pre-
treatment can significantly improve biodegradability by enhancing hydrolysis in the 
anaerobic digestion process, which results in a larger biogas yield. The high amount of hot 
water soluble after combined alkali and enzyme pre-treatment is shown in section 4.1 
(chapter 4). These results indicate that the concentration of NaOH and type of enzyme 
significantly affect the mechanism of lignin and hemicellulose chain from reducing in pre-
treatment. The reason is noteworthy that the addition of 2% NaOH with Viscamyl enhanced 
hemicellulose degradation while addition of 2% NaOH supported the degradation of lignin as 
a result of hydrolysis of rice straw. During the pre-treatment, Hydroxyl groups and the 
crystalline in the cellulose were destroyed structure. In the raw material was reducing the 
crystallinity and increasing amorphous (Karimi & Taherzadeh 2016). These results showed 
an increase of amorphous cellulose and available for anaerobic microorganisms.  
 
This is in line with the findings of Gupta & Lee (2010) that degradation mechanism in pre-
treatment of switch grass by NaOH pre-treatment, cellulose distribution in solid and liquid. 
The alkaline pre-treatment attempted, more than 95% of glucan was preserved in the solid 
due to degradation of hemicellulose chain from reducing end pre-treatment is the primary 
mechanism of sugar degradation. 
 
The use of NaOH combined with the enzyme (accellerase) demonstrated a negative effect as 
indicated by the low methane yield, which is less than the NaOH combined with Viscamyl. 
These results suggest that the addition of Accellerase inhibited the anaerobic digestion 
microorganisms due to the effect of toxic on the biogas production in the AD process for rice 
straw pre-treatment. Although research studies reported the effectiveness of enzyme pre-
treatment using Accellerase with a variety of pre-treatments including dilute acid, ammonia 
fiber-expansion (AFEX) and steam explosion (Liguori et al. 2013; Khalid et al. 2011), this 
study shows that it is not effective for combined NaOH with Accellerase pre-treatment. 
 
It was observed that the biogas yield for all pre-treated rice straw samples was higher than the 
untreated rice straw. The increase in biogas production indicates that pre-treatment increased 
rice straw digestibility through increased accessibility to the cellulose and hemicellulose. 
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Figure 5.4: The effect of AcoD of sewage sludge with rice straw treated NaOH;  
(a) Daily biogas yield (b) Cumulative methane yield.  
 
Figure 5.5: The effect of AcoD of sewage sludge with rice straw treated enzyme;  
(a) Daily biogas yield (b) Cumulative methane yield. 
 
Figure 5.6: The effect of AcoD of sewage sludge with rice straw treated combined NaOH 
and enzyme (a) Daily biogas yield (b) Cumulative methane yield. 
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The results show an increase in methane production from18% to 89% was achieved with the 
AcoD of rice straw pre-treatment. The results obtained show that rice straw hot-water soluble 
extractives content increased for all NaOH, enzymes, and combined alkaline and enzyme pre-
treatment conditions tested. The hot-water solubles were increased by 38.7%-187%, 
compared to the untreated rice straw. The pre-treatment appeared to have an impact on the 
cellulose content with reductions in cellulose correlating with an increase in water soluble 
extractives. It is likely many of these soluble extractives are cellubiose and glucose produced 
from the cellulose. Hot water extractives substances were produced mainly from the 
breakdown of cellulose given the extent of reduction in cellulose content compared to 
hemicellulose and lignin (He et al. 2009; Hendriks & Zeeman 2009). 
 
However, hot water solubles provide the results whereby increased amounts of hot water 
solubles led to a larger methane yield (Figure 5.7). Because hot water solubles mainly consist 
of sugar, pectin, starch and inorganics, bacteria convert them and are able to produce 
methane. 
 
Figure 5.7: The fraction of hot water soluble for the untreated and pre-treated rice straw 
samples versus methane yield. 
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The fraction of rice straw showed that lignin content decreased with all pre-treatment. The 
lignin content was reduced by 16.5% -28.9%, compared to the untreated rice straw. The study 
also found that the all pre-treatment was effective on lignin removal with other regents. The 
relationship between methane yield and the amount of lignin is one where less lignin affected 
the increased methane yield. Therefore pre-treatment broke down the lignin and made the 
celluloses more accessible to microbial attack and subsequently enhanced biogas production 
(Figure 5.8). 
 
 
 
Figure 5.8: The fraction of lignin for the untreated and pre-treated rice straw samples versus 
methane yield. 
 
The effectiveness of pre-treatment was also assessed in terms of VS removal. The reactors 
that received rice straw treated using combined 2% NaOH and Viscamyl showed the highest 
VS reduction of 83.78%, whereas reactors that received untreated rice straw had the lowest 
VS removal at 66.62%. These results showed that combined chemical and enzyme pre-
treatment can significantly improve biodegradability by enhancing hydrolysis in the 
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due to improved biodegradability of rice straw, where pre-treatment provided access to the 
degradable fraction and enhanced the degradability of the organic fraction. This is reflected in 
the TS and VS removal where the reactors’ pre-treated rice straw increased TS and VS 
removal (Table 5.2). 
 
Table 5.2: TS, VS removal and methane content for the AcoD of sewage sludge with rice 
straw pre-treated at different conditions  
Pre-treatment conditions TS removal 
(%) 
VS removal 
(%) 
CH4 
(%) 
pH 
initial 
pH 
final 
Untreated RS (SS:RS 20:80) 
Accellerase  
Viscamyl 
1% NaOH 
2% NaOH 
1% NaOH with Accellerase  
2% NaOH with Accellerase  
1% NaO H with Viscamyl 
2% NaOH with Viscamyl 
62.26±1.3 
73.31±2.2 
78.90±1.4 
73.95±0.7 
77.99±1.0 
76.43±0.8 
76.63±0.7 
79.97±1.3 
81.27±0.7 
66.62±1.3 
76.93±0.9 
82.28±1.0 
79.60±1.2 
82.08±2.1 
77.76±1.3 
78.54±2.1 
82.83±1.5 
83.78±1.1 
69±1.8 
69±2.7 
71±1.3 
70±0.7 
71±1.2 
68±0.9 
69±3.3 
72±1.8 
74±1.3 
7.06±0.1 
7.09±0.1 
7.05±0.3 
7.05±0.1 
7.06±0.2 
7.03±0.2 
7.08±0.1 
7.02±0.2 
7.03±0.3 
7.42±0.8 
7.69±0.2 
7.53±0.3 
7.60±0.3 
7.55±0.2 
7.62±0.2 
7.63±0.3 
7.46±0.2 
7.42±0.3 
 
Methane yield from pre-treated rice straw using combined 2% NaOH and Viscamyl was 291 
mLCH4/gVS. The result obtained in this study is higher than the methane yield reported by 
other researchers. However, given that no work has been done on the use of combined NaOH 
and Viscamyl for rice straw (to the best knowledge of the authors) the published yield can 
only be used to indicate the effect of pre-treatment that is shown in Table 5.3 below. 
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Table 5.3: Comparison of biomethane yield for rice straw obtained under different AD 
conditions. 
 (Lei et al. 
2010) 
(Teghammar 
et al. 2012) 
(Zhao et al. 
2010)
c
 
This study 
Reaction time (days) 
Temperature (°C) 
Reactor (L) 
Organic loading (gVS) 
Pre-treatment 
Methane yield (mLCH4/gVS) 
120 
22 
5 
12.6 
Phosphate 
250 
42 
55 
0.5 
2.5 
NMMO 
245 
30 
35 
NA 
NA 
Acetic acid 
280 
30 
37 
0.5 
1.75 
NaOH  
245 
 
 
5.3 OPTIMISATION OF BIOGAS YIELD USING RSM 
5.3.1 Optimisation of Feeding Composition and the C/N ratios 
To optimise biogas yield, the RSM was used to assess the effect C/N ratios on the AcoD of 
sewage sludge and rice straw. A RSM was selected for the optimisation of biogas yield. A 
total of 13 experiments were designed according the RSM central composite method. The 
biogas potential depended on the output responses. Functional relationships between 
responses (Y) and the set of factors were described by estimating coefficients of the 
following second-order polynomial model (Eq.5.1) based on experimental data:  
 
Y   β0  β1X1   β2X2   β12X1X2   β11X1
2
   β22X2
2 …………. (Eq.5.1) 
 
Where, Y is biogas yield in response (mL/gVS).  
X1 is the composition of SS:RS. 
X2 is the C/N ratio.  
β0 is a constant.  
β1 and β2 are linear coefficients. 
β12 is interaction coefficients  
β11 and β22 are quadratic coefficients.  
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The complete analysis to develop a model for biogas yield prediction using experimental data 
was done using Minitab16 statistical software. 
 
The results of optimisation by feeding SS:RS and the C/N ratios were designed as shown 
previously in Table 3.5 (Chapter 3), and were obtained from the experimental design for the 
response surface analysis. As noted from Table 5.4, the lack of fit F value of 3.33 implies the 
lack of fit is not a significant result in pure error (Tan et al. 2011). Overall the regression 
equation fitted the experimental results for the biogas yield as well. The value of the R
2
 
coefficient obtained 99.71%, so it is clear that the agreement between the experimental and 
predicted value of methane yield indicates a very good relationship. 
 
Table 5.4: Summary of the statistical analysis for the AcoD of SS: RS. 
Source Sum of square Df Mean square F value P value 
A: SS:RS 
B: C/N ratio 
AA 
BB 
AB 
Lack of fit 
Residual error 
Pure error 
2,672.20 
480.65 
3,272.66 
2,684.63 
125.66 
17.78 
24.89 
7.12 
1 
1 
1 
1 
1 
3 
7 
4 
2,672.20 
480.65 
3,272.66 
2,684.63 
125.66 
5.93 
3.56 
1.78 
751.38 
135.15 
920.22 
754.87 
35.33 
3.33 
0.000 
0.000 
0.000 
0.000 
0.001 
0.138 
 
 
Regarding the analysis of variance for biogas yield, the results of all models of individual P 
values were lower than 0.05. Thus, the regression equations developed from the actual 
parameters are set out in Equation 5.2 below as follows: 
 
Y =259.17 - 18.23 X1 - 7.75 X2 + 5.6 X1 X2 - 21.69 X1
2 
- 19.65 X2
2
         (Eq.5.2) 
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All parameters of SS:RS and the C/N ratio showed a significant effect over the response. In 
set-up I, the results revealed that the mixture substrates can improve the biogas yield (Table 
5.5). These outcomes may derive from the amounts of rice straw added to the reactors. The 
biogas yield was higher due to an efficient balance between carbon and nitrogen (Wang et al. 
2012).  
 
Table 5.5: Codified and real values in AcoD of SS: RS. 
Run Codified values Real values Response biogas yield 
(mL/gVS) 
SS:RS C/N SS:RS
a
 C/N Experimental Predicted 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
0 
0 
0 
0 
0 
-1 
-1 
-2 
2 
1 
0 
0 
1 
-2 
0 
0 
2 
0 
1 
-1 
0 
0 
-1 
0 
0 
1 
30 
30 
30 
30 
30 
20 
20 
15.86 
44.14 
40 
30 
30 
40 
15.07 
28.50 
28.50 
41.93 
28.50 
38 
19 
28.50 
28.50 
19 
28.50 
28.50 
38 
231.10 
261.40 
258.97 
206.50 
259.12 
225.18 
250.00 
240.00 
189.42 
201.45 
257.90 
258.47 
199.05 
195.94 
259.00 
259.00 
164.14 
259.00 
222.59 
249.31 
208.80 
135.68 
201.53 
259.00 
259.00 
197.25 
a
 as SS:RS in mixture of the percentage  
 
The response surface is shown in Figure 5.9. The biogas results indicate that C/N from 20 to 
30 where biogas production increased. The optimal state for the biogas yield was calculated 
as A (SS:RS; 25.57:74.43) and B (C/N; 25.92), which resulted in a predicted biogas yield of 
264.34 mL/gVS.  
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The optimum C/N obtained using RSM-composite analysis is in the range reported for 
varying substrates. For example, it has been suggested by Yen & Brune (2007) that the 
optimal C/N ratio in AcoD is between 20 and 30.  
3
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200
225
10
250
2020
30 40
50
Biogas yield(mL/gVS)
C/N
SS:RS
 
Figure 5.9: Response surface and of feeding SS:RS and the C/N ratios in the biogas yield. 
 
5.3.2 Optimisation of Alkaline Pre-treatment 
The achievement of the optimum biogas yield was optimised using response surface 
methodology. RSM is a mathematical tool devised for estimating the optimal response within 
the evaluating the significant effects of factors. These experiments are able to fit a second-
order prediction equation for predicting the performance of composite systems the response 
(Zhang et al. 2011; Sharma et al. 2009). The experiment designed by BBD with three factors 
offers an effective estimation of the second order quadratic polynomials. More specifically 
this study used the BBD at the three levels coded. The BBD for three factors involves three 
blocks which has the advantage of offering fewer runs, in each of which three factors are 
varied through the combinations of high and low levels including their central values 
(Statistics 2017). 
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Minitab was used to design an experiment using RSM. The BBD design is shown in Table 
3.7 (Chapter 3). RSM served to determine the optimal composition of pre-treated rice straw 
and biogas yield. The component in the pre-treated rice straw depended on the output 
responses. Functional relationships between responses (Y) and the set of factors (X1, X2 and 
X3) were described by estimating the coefficients of the following second-order polynomial 
model based on experimental data: 
 
Y   β0  β1X1   β2X2+ β3X3  β12X1X2  β13X1X3  β23X2X3   β11X1
2
   β22X2
2  β33X3
2
 (Eq.5.3) 
 
Where  Y is the component in the pre-treated rice straw and biogas yield.  
X1 is the concentration of NaOH.  
X2 is the time. 
X3 is the temperature.  
 
The model equation helped to predict the optimum biogas yield and explain the interaction 
between the factors. The best biogas yield was shown by the response surface and contour 
plots. Complete analysis was done using Minitab16 statistical software to get the results.  
 
The statistical analysis regarding the effects of rice straw pre-treatment parameters on 
cellulose recovery, lignin removal and biogas yield is shown in Table 5.6. The high R
2
 for 
each model output is indicative of a good BBD model fit, and should than 90% of the 
variation is explained by the model. All three models had R
2
 values between 92.52% and 
94.32%. The analysis of variance of the model evaluated the significant (probability (P) value 
< 0.05). To document the effects of significance this study employed the significance level of 
0.05. The P values were used to check the significance of each coefficient. According to Tan 
et al. (2011), if P value is lower than 0.05 then there is only a 5% chance of being noise 
which means it is not significant. Large associated F values provide further evidence to 
support this conclusion, indicating the key factors are highly efficient (Kim et al. 2013). The 
regression analyses for the pre-treatment experiments present the estimates and hypothesis 
tests to the regression coefficients. The multiple regression analysis on experimental data 
applied a second order polynomial model representing component conversion (%) studied 
with rice straw pre-treatment. This can be expressed by Equation 5.4 for cellulose recovery 
and Equation 5.5 for lignin removal. The second order polynomial coefficients of the 
Equations (5.4-5.5) were determined through multiple regression analysis on the 
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experimental data:  
 
Cellulose recovery =83.58+7.73 X1+1.91 X2-0.25 X3-10.14 X1
2
-2.26X1X2 +2.71X1X3 
(Eq.5.4) 
 
Lignin removal =25.06+7.35X1+1.84X2+1.63X3-10.24X1
2
+2.68X2
2
+2.90X3
2 
(Eq.5.5) 
 
As noted in Equation (5.4), although the main effect of X3 is not significant, it should be 
included to generate the quadratic effect of X3.  
 
Table 5.6: Summary of the statistical analysis for the AcoD of sewage sludge with pre-
treated rice straw. 
Source Cellulose recovery Lignin removal Biogas yield 
R
2
=93.47% R
2
=92.52% R
2
=94.32% 
Seq 
SS 
F P Seq 
SS 
F P Seq  
SS 
F P 
X1: NaOH 
X2 :Time 
X3 :Temp 
X1
2
 
X2
2 
X3
2
 
X1X2 
X1X3 
X2X3 
Residual error 
Lack of fit 
Pure error 
956.43 
58.68 
1.08 
767.65 
15.15 
12.25 
40.91 
58.80 
0.25 
133.62 
57.45 
76.18 
143.15 
8.78 
0.16 
113.57 
1.95 
1.83 
6.12 
8.8 
0.04 
 
4.27 
 
0.000 
0.008 
0.692 
0.000 
0.178 
0.191 
0.022 
0.008 
0.850 
 
0.020 
 
863.43 
54 
42.52 
845.07 
44.78 
62.13 
0.22 
2.78 
13.71 
155.96 
115.26 
40.7 
110.72 
6.93 
5.45 
99.3 
6.79 
7.97 
0.03 
0.36 
1.76 
 
16.05 
0.000 
0.016 
0.030 
0.000 
0.017 
0.011 
0.869 
0.557 
0.200 
 
0.000 
14886.4 
345.5 
1.4 
11447.5 
19.4 
382.8 
864.9 
1604.6 
6.2 
1780.9 
299.0 
1482.0 
167.18 
3.88 
44.36 
124.31 
0.09 
4.30 
9.71 
18.02 
0.07 
 
1.14 
0.000 
0.063 
0.000 
0.000 
0.763 
0.051 
0.005 
0.000 
0.794 
 
0.036 
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Overall the regression equation fitted the experimental results for the biogas yield as well. 
After evaluating the AcoD of sewage sludge with rice straw pre-treatment efficiency, further 
experiments were conducted to investigate the combined effect of three important process 
parameters on biogas yield. The experimental and predicted values of biogas yield are given 
in Table 5.7. For the analysis of variance for biogas yield, the results of model confirmed by 
P value of 0.036 were lower than the confidence value (0.05). Consequently, the regression 
equations derived from actual parameters are reported in Equation (5.6): 
 
Biogas Yield =277.75 +30.50X1+ 4.64X2-0.30X3-38.71X1
2
+ 7.19X1 X2+14.16X1X3 (Eq.5.6) 
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Table 5.7: Codified and real values in AcoD of sewage sludge with rice straw pre-treatment 
at various NaOH concentrations, reaction times and temperatures. 
Run Codified values  Real values  Response biogas yield (mL/gVS) 
NaOH 
(%) 
Time 
(mins) 
Temp. 
(C ) 
NaOH 
(%) 
Time 
(mins) 
Temp. 
(C ) 
Experimental Predicted 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
1 
-1 
0 
0 
0 
-1 
1 
-1 
1 
1 
0 
0 
1 
0 
0 
0 
-1 
0 
0 
1 
1 
0 
-1 
0 
-1 
-1 
0 
1 
-1 
0 
0 
0 
0 
-1 
1 
-1 
1 
0 
0 
0 
-1 
-1 
1 
-1 
0 
0 
0 
1 
1 
-1 
0 
1 
-1 
0 
1 
1 
0 
-1 
0 
0 
1 
1 
0 
-1 
1 
0 
0 
-1 
-1 
1 
-1 
1 
0 
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The predicted versus observed plot for biogas yield is shown in Figure 5.10. The points on 
the plot reveal that the observed experimental values are distributed relatively near to the 
straight line. The value of the R
2
 coefficient obtained was 94.32%. It is clear that the 
agreement the relationship between the experimental and predicted value of biogas yield has 
a good fit for prediction (Srivastava et al. 2014). 
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Figure 5.10: Correlation between observed and predicted biogas yield. 
 
As shown in Figure 5.11 below, the interactive effects of two factors on biogas yield were 
analysed based on the 3D surface plots. Figure 5.11a shows that two factors (NaOH 
concentration and time) influence the positive on the biogas yield, and increased the 
concentration of NaOH from 2.5% to 3.64%. After this the higher NaOH concentration has 
only a negative effect on biogas yield. Increasing the treatment time is the significance of the 
concentrations as a factor affecting the model outputs. Figure 5.11b illustrates that a 
significant interaction between concentrations and temperature occurred, which affects the 
biogas yield. The concentration of NaOH was low at 2.9% and the temperature was around 
92C. The yield of biogas increased with higher concentrations and higher temperature. The 
interaction effect of time and temperature on biogas yield is shown in Figure 5.11c. The low 
temperature (60C) and minimum time generated a lower biogas yield, whereas the higher 
time (30 minutes) significantly affected the biogas yield.  
R
2
=0.94 
   
101 
Three-dimensional wireframe surface plots were produced from the effect of the model on 
predicted biogas yield (mL/gVS). Surface plots showed a typical increase in predicted biogas 
yield in pre-treated residue with increased pre-treatment concentration, temperature and time. 
Response optimisation was conducted through Minitab software, utilising the model 
equations to determine the optimal pre-treatment conditions. Rice straw followed by pre-
treatment at 3.64% NaOH at 121 ᵒC for 30 minutes under these optimum conditions resulted 
in a maximum biogas yield at 304.81 mL/gVS.  
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Figure 5.11: Three dimensional wireframe surface plots of biogas yield. 
(a) 
(b) 
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5.4 CONCLUSIONS IN CHAPTER 5 
In this section, BMP tests evaluated the effects of AcoD of sewage sludge with untreated and 
pre-treated rice straw on biogas production. The major contributions of this work are 
summarised as follows: 
 AcoD effectively improved the biogas yield. AcoD of SS:RS performed better than the 
individual substrate. The highest biogas yield achieved was 260.18 mL/gVS (179.5  
     mL CH4/gVS) when the composition of SS:RS was adjusted to 20:80. 
 All pre-treatment methods resulted in increased biogas yield. Combined pre-treatment of 
2% NaOH and Viscamyl demonstrated the greatest increase in biogas yield (76.32%).  
 The increased amount of hot water extractives in pre-treated samples correlated with 
cellulose recovery and lignin removal were associated with enhanced biogas production. 
 
Finally, the optimum biogas yield was determined by experiment design using RSM: 
 Optimisation of the C/N ratio was 26 with a composition of SS:RS (25.6:74.4), maximum 
response value for the biogas yield 264 mL/gVS. The effect of the substrates’ C/N ratio 
was mainly due to the improved anaerobic environment of rice straw and more balanced 
nutrients. 
 Optimisation of biogas yield reached its maximum at 304.81 mL/gVS, using 3.64% 
NaOH at 121 ᵒC for 30 minutes. In this scenario the highest cellulose recovery (86.75%) 
and highest removal of lignin (34.42%) were achieved. 
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CHAPTER SIX 
 
 
6. ACOD SEWAGE SLUDGE WITH PRE-TREATED RICE 
STRAW UNDER SEMI-CONTINUOUS CONDITIONS 
 
The aim of this phase of experimental work was to investigate the potential of the AcoD of 
sewage sludge both with untreated and pre-treated rice straw, under semi-continuous 
conditions. These bench scale anaerobic reactors were operated at organic loading rates 
(OLRs) and hydraulic retention times (HRTs) with an aim to simulate large scale anaerobic 
digesters. 
 
The associated aim of this phase of experimental work was to evaluate the effect of using 
inoculums acclimated to feedstocks of varying composition on biogas yield and degradation 
of rice straw. The inoculums used to start-up the reactors were either freshly collected and 
kept in the oven for 3 days minimum to stabilise it or acclimated using a feedstock of rice 
straw mixed with sewage sludge at ratios similar to those assessed under batch tests.  
 
All the reactors operated during this phase were fed daily, after a designated volume of 
digestate, based on the HRT, was discarded. The effects of acclimation and OLR on the 
digester’s performance were assessed in terms of biogas yield, TS, VS and tCOD removal as 
well as characteristics of the digestate. The biogas and methane yield reported are in 
mL/gVS, i.e. gVS fed to the reactor. 
 
6.1 ACOD OF SEWAGE SLUDGE WITH RICE STRAW 
Following the batch BMP tests, AcoD of sewage sludge and rice straw was assessed under 
semi-continuous conditions, to simulate large scale anaerobic digestion. The start-up of the 
reactors in this phase of experimental work was carried out using stabilised inoculum (i.e. 
collected and kept in oven for 3 days is defined as fresh inoculum, section 3.1.3, Chapter 3). 
The anaerobic digesters were operated for three HRT cycles of 20 days before applying the 
OLR at which the performance of the reactors is to be monitored. The reactors were fed at a 
low OLR of 1.0 kgVS/m
3
.d for 20 days (period I). The OLR was then increased to 1.26 
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kgVS/m
3
.d and the reactors’ performance monitored for 21 days (period II). During period 
III, the OLR was increased to 2.53 kgVS/m
3
.d. Figure 6.1 shows the average daily biogas 
production at the different OLRs for the AcoD of sewage sludge and rice straw of SS:RS 
ratios of 10:80, 20:80, 30:70 and 40:60 compared with the mono-digestion of both substrates, 
sewage sludge (100:0) and rice straw (0:100). The performance of the reactors in terms of 
biogas production, TS, VS and tCOD removal as well as the pH in each reactor for each OLR 
are given in Table 6.1. The biogas and methane yield reported are in mL/gVSadded, i.e. gVS 
fed to the reactor. 
 
The daily biogas yields obtained from the AcoD reactors, i.e. all SS:RS rations ranged 
between 187 and 230 mL/gVS added as shown in Table 6.1. But biogas production for the 
AcoD reactor fed with the feedstock of SS:RS of 20:80 was the highest throughout the 
experiment duration which is consistent with the BMP test as presented in section 5.1 
(Chapter 5).  
 
During the first period, i.e. where the reactors were operated at OLR of 1.0 kgVS/m
3.d, it was 
observed that the reactors fed with the feedstock of SS:RS of 10:90 had the highest biogas 
yield (160-173 mL/gVS.d). This was only during the first two weeks, after that the reactors 
receiving SS:RS at 20:80 showed improved performance and reached the same yield. The 
yield obtained at the OLR of 1.0 kgVS/m
3
.d for the AcoD at SS:RS of 20:80 was 128% and 
208% higher compared to the AD of SS and RS, respectively, as single substrates. 
 
During period II, i.e. OLR of 1.26 kgVS/m
3
.d, the reactor of SS:RS 20:80 showed the highest 
biogas yield of 213 mL/gVS.d. The biogas yield for the reactors with 100% SS was 116 
mL/gVS.d. The AcoD of SS:RS at 40:60 and 30:70 and 10:90 showed similar yield on 
average, but after 14 days the AcoD at SS:RS ratio of 30:70 demonstrated more improvement 
than the other reactors. The feedstock of SS:RS 30:70 has a C/N of 19.1 whereas, the 
feedstocks of SS:RS of 40:60 and 10:90, have C/N ratios of 15.6 and 37.9, respectively. 
These trends indicate a correlation between the biogas yield and the feedstook C/N ratio. 
 
During period III, i.e. OLR 2.53 kgVS/m
3.d, it was observed that biogas yield is continually 
decreasing for all reactors with the highest biogas yield achieved at the reactor of SS:RS 
20:80 achieving a final yield of 135 mL/gVS.d. 
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Figure 6.1: Biogas production for AcoD of sewage sludge with untreated rice straw at 
different SS: RS rations and OLRs under semi-continuous conditions. 
 
The VS removal for all SS:RS ratios correlated with trends in biogas yields, i.e. the SS:RS of 
20:80 had the highest removal of 56%, whereas the 30:70 and 40:60 had similar VS removal 
of 42%-43%. But for the SS:RS of 10:90 a lower VS removal was observed but the tCOD 
removal (39%) was higher than other reactors indicating that the biogas production under 
these conditions was due to the hydrolysis of the soluble organics. 
 
The performance of the AcoD reactors in terms of biogas yield and VS clearly indicated the 
effect of C/N on the reactors’ performance. The trends in biogas yield indicated that C/N has 
a significant impact on the AD performance and that C/N ratios of 19 – 25 are in the optimum 
range. In addition the AcoD at the different SS:RS ratios indicated that C/N ratios impact 
performance in the following descending order: 
 
C/N ratios 25.2 > 19.1 > 15.6 > 37.9 
 
The same trend was also observed using the BMP tests (Chapter 5 in section 5.1).  
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Comparing the performance of the AcoD reactors at the different OLRs show that increasing 
the OLR by 26% (1.0 to 1.26 kgVS/m
3
.d) resulted in an increase in biogas yield by 41% for 
the SS:RS of 20:80 and 64%-69% for the SS:RS ratios of 40:60 and 30:70. But increasing the 
OLR to 2.53 kgVS/m
3
.d resulted in a large drop in biogas production ranging from 56% to 
157% for all single substrate and AcoD reactors. This large drop in production indicates that 
the reactors were overloaded and that there was an accumulation in the hydrolysis by-
products that was more than the capacity of the AD population for methanogenesis. 
 
Table 6.1 shows VS removal in the single substrate (rice straw) was between 19 % and 24%.  
Similarly, the TS, VS, and tCOD removal also dropped proportional to the drop in biogas 
yield for all reactors except for the SS:RS of 20:80 where the VS and tCOD removal were 
around 56% and 50%, respectively (i.e. 6%-21% drop) which indicate that at these AcoD 
conditions the reactor is more stable and have better resistance to shock loads.  
 
These results were in agreement with the results reported by Ashekuzzaman and Poulsen 
(2011) VS removal for single substrate (leaves or straw) was 19% VS removal. Co-digestion 
tests were found that TS removal was found between 20% and 49% and the corresponding 
VS removal was showed from 23% to 56%.  
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Table 6.1: Biogas production and performance in AcoD process.  
Feedstock 
(SS:RS) 
Parameters Period I 
(OLR 1 
kgVS/m
3
.d) 
Period II 
(OLR 1.26 
kgVS/m
3
.d) 
Period III 
(OLR 2.53 
kgVS/m
3
.d) 
100:0 Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
66±5.89  
60±0.5 
7.21±0.02 
21±1.23 
23±0.92 
25±0.79 
116±18.8  
62±0.3 
7.31±0.02 
23±1.03 
25±1.22 
27±1.05 
45±5.58 
 48±0.6 
7.32±0.01 
19±1.59 
20±1.42 
22±0.77 
40:60 Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
106±5.05 
54±0.9 
7.19±0.02 
23±1.35 
24±1.12 
27±0.95 
174±5.98 
57±0.5 
7.34±0.01 
33±1.35 
42±1.07 
43±1.35 
61±7.6  
51±2.8 
7.28±0.02 
20±1.48 
22±1.30 
25±1.42 
30:70 Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
108±8.04  
51±0.7 
7.18±0.02 
23±1.18 
29±1.13 
30±1.47 
183±2.98  
57±2.1 
7.33±0.02 
34±1.52 
43±1.26 
45±1.44 
75±8.20  
51±0.7 
7.29±0.01 
22±1.01 
23±1.36 
29±1.47 
20:80 Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
151±14.71 
55±1.8 
7.19±0.02 
35±1.22 
46±1.31 
47±1.15 
213±12.65  
68±2.1 
7.31±0.02 
49±1.18 
56±1.37 
50±1.45 
135±13.94 
55±1.9 
7.3±0.01 
30±1.11 
40±1.07 
41±0.79 
10:90 Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
160±9.12  
50±1.4 
7.12±0.02 
24±1.39 
31±1.54 
32±1.22 
186±10.5  
55±1.3 
7.28±0.01 
28±1.12 
35±1.19 
39±1.40 
83±5.4  
47±2.7 
7.29±0.01 
23±1.07 
24±1.13 
32±1.42 
0:100 Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
49±5.00  
50±0.3 
7.25±0.01 
19±1.33 
22±0.87 
23±0.99 
102±16.76  
51±2.1 
7.31±0.02 
23±1.01 
24±1.18 
28±1.11 
40±4.15 
45±1.0 
7.25±0.01 
18±1.49 
19±1.27 
20±0.84 
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6.2 EFFECT OF ACOD SEWAGE SLUDGE WITH PRE-TREATED RICE STRAW 
This experimental phase assessed the effect of rice straw pre-treatment on the AcoD of 
sewage sludge and rice straw under semi-continuous conditions. The performance of the 
AcoD reactors was also assessed in terms of biogas yield and TS, VS and tCOD removal.  
 
6.2.1 AcoD of SS:RS at 50:50 Using Fresh Inoculum  
Figure 6.2 shows the AcoD of sewage sludge and pre-treated rice straw at SS:RS 50:50. The 
AD reactors were operated at OLR of 2.53 kgVS/m
3
.d for one HRT cycle, i.e. 20 days. The 
biogas yield for the reactors fed with pre-treated and untreated rice straw showed very similar 
biogas production. The low biogas yield for all reactors indicated overloading and 
methanogenesis inhibition. In addition, the VS, TS and tCOD removal were low which 
confirmed process inhibition (Table 6.2). Therefore, the OLR was reduced to 1.26 
kgVS/m
3
.d, which resulted in an increase biogas production for all the AD reactors in 
operation. For example, the biogas yield for untreated rice straw increased to 135 
mL/gVSadded (CH4 55%) on average, which is around 140%. Similarly, the biogas yield 
increased to189, 208 and 239 mL/gVSadded (CH4 61% - 63%) when rice straw pre-treated with 
2%NaOH, Viscamyl and combined NaOH and Viscamyl, respectively, were fed into the 
reactors. 
 
In addition the results in Figure 6.2 showed the biogas yields for feedstock that contained rice 
straw pre-treated using 2% NaOH, Viscamyl and combined NaOH and Viscamyl increased 
by 40%, 54% and 79% compared to the biogas yield for the feedstock containing untreated 
rice straw (135 mL/gVSadded). This showed that all pre-treatments used were effective and 
confirmed the synergistic effect of combined pre-treatment. The results showed that enzyme 
pre-treatment with Viscamyl was more effective than the alkali pre-treatment using 
2%NaOH. Furthermore, the enzyme pre-treatment was more effective both at the OLRs of 
1.26 kgVS/m
3
.d and 1.0 kgVS/m
3
.d, but the effect were more evident at the lower OLR of 
1.0. kgVS/m
3
.d This can be explained in terms of the different mechanism of each pre-
treatment, where in the case of NaOH pre-treatment solubilise the hemicellulose and 
cellulose leading to the production of organics that under higher loading will be inhibiting, 
i.e. at OLR of 2.53 kgVS/m
3
.d then the soluble organics were at the optimum level at the 
OLR of 1.26 kgVS/m
3
.d but when the OLR was reduced to 1.0 kgVS/m
3
.d the soluble 
organics available were also reduced leading to a drop of 25% in the yield.  
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In comparison, the enzyme pre-treatment with Viscamyl acts to breakdown the bonds 
between the lignin and the other fractions (cellulose and hemicellulose) hence make the 
cellulose and hemi cellulose more accessible. The inhibition that occurred at the ORL of 2.53 
kgVS/m
3
.d was due to presence of high levels of hydrolysis by-products and the low drop of 
10% in the yield at the OLR of 1.0 kgVS/m
3
.d indicates that access to cellulose and 
hemicellulose was not affected and the drop was just due to less substrate being available.  
 
 
Figure 6.2: Biogas production for AcoD of sewage sludge with rice straw (SS:RS of 50:50) 
and rice straw untreated and pre-treated were used fresh inoculum used to start-up the semi-
continuous reactors. 
 
The tCOD removal for 50% SS was between 24% and 27% at OLR of 2.53 kgVS/m
3
.d. 
Decreasing the OLR to 1.26 kgVS/m
3
.d resulted in a high increase (31%-53%) in the tCOD 
removal for the pre-treated rice straw compared to untreated rice straw. The highest of tCOD 
removal was the combination pre-treatment. The AcoD reactors’ performance of combined 
2% NaOH and Viscamyl was higher than single pre-treatment as shown in Table 6.2. 
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Table 6.2: Biogas production and performance for the AcoD of sewage sludge with untreated 
and pre-treated rice straw for a feedstock of SS:RS 50:50 and fresh inoculum used for the 
start-up of the semi-continuous reactors. 
Feedstock 
(SS:RS) 
50:50 
Parameters Period I 
(OLR 2.53 
kgVS/m
3
.d) 
 
Period II 
(OLR 1.26 
kgVS/m
3
.d) 
Period III 
(OLR 1 
kgVS/m
3
.d) 
 
Untreated 
RS 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
56±4.27 
49±0.8 
7.11±0.02 
21±2.62 
22±1.32 
27±0.9 
135±6.98 
55±0.4 
7.32±0.01 
32±3.25 
32±1.22 
36±1.3 
101±5.43 
53±0.7 
7.25±0.02 
30±1.82 
31±1.63 
32±0.79 
RS treated 
2%NaOH 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
76±4.69 
56±1.8 
7.16±0.02 
28±1.46 
27±1.02 
25±1.45 
189±11.75 
61±0.5 
7.32±0.01 
46±5.11 
47±2.12 
48±2.67 
149±5.42 
60±0.4 
7.22±0.01 
30±2.05 
32±1.74 
36±1.22 
RS treated 
Viscamyl 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
81±3.8 
58±0.3 
7.17±0.02 
21±1.46 
27±1.02 
24±1.45 
208±13.13 
61±0.5 
7.36±0.01 
52±0.4 
54±1.89 
48±1.32 
190±9.88 
59±1.1 
7.27±0.03 
40±0.9 
43±1.82 
36±1.33 
RS treated 
2%NaOH 
and 
Viscamyl 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
89±5.05 
59±0.5 
7.18±0.04 
22±1.16 
25±1.39 
26±1.12 
239±16.97 
63±0.3 
7.32±0.02 
52±1.27 
54±1.11 
55±1.30 
210±7.56 
61±0.5 
7.25±0.02 
44±1.06 
43±1.07 
38±1.67 
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6.2.2 AcoD of SS:RS at 40:60 Using Fresh Inoculum 
The AcoD of feedstock of 40% SS and 60% RS produced an average biogas yield of 175, 300 
and 127 mL/gVS.d for the OLRs of 1.0, 1.26 and 2.53 kgVS/m
3
.d, respectively. The 
feedstock pre-treated using combined 2%NaOH and viscamyl showed the best performance 
at all organic loadings, typical of trend observed for reactors that received a feedstock of 
SS:RS of 40:60. It was also observed that increasing the OLR was reduced by 26%, i.e. from 
1.0 to 1.26 kgVS/m
3
.d resulted in 65% increase in biogas yield for the feedstock containing 
untreated rice straw (raw). Similarly 95%, 67% and 71% increase in biogas yield was 
observed for the feedstocks including rice straw pre-treated using 2% NaOH, viscamyl and 
combined 2% NaOH and Viscamyl, respectively. These results indicate the reactors were 
underutilised at OLR of 1.0 kgVS/m
3
.d. But increasing the OLR to 2.53 led to a large drop in 
biogas production where all reactors’ production dropped to approximately 63%-57% 
mL/gVS.d. The effect of doubling the OLR (1.26 to 2.53 kgVS/m
3
.d) (see Figure 6.2 and 
Table 6.2, was much less than the effect of increase in production when the OLR was 
doubled (1.26 to 2.53 kgVS/m
3
.d) (see Figure 6.3 and Table 6.3). This shows the effect of 
acclimation on the AD response to shock loading, where acclimation in this case occurred 
while running the AD reactors at the low OLRs. 
 
 
Figure 6.3: Biogas production for AcoD of sewage sludge with rice straw (SS:RS of 40:60) 
and rice straw untreated and pre-treated were used fresh inoculum used to start-up the semi-
continuous reactors. 
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Table 6.3: Biogas production and performance for the AcoD of sewage sludge with untreated 
and pre-treated rice straw for a feedstock of SS:RS 40:60 and fresh inoculum used for the 
start-up of the semi-continuous reactors. 
Feedstock 
(SS:RS) 
40:60 
Parameters Period I 
(OLR 1 
kgVS/m
3
.d) 
 
Period II 
(OLR 1.26 
kgVS/m
3
.d) 
Period III 
(OLR2.53 
kgVS/m
3
.d) 
Untreated RS Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
106±5.05  
54±0.9 
7.19±0.02 
23±1.35 
24±1.12 
27±0.95 
175±5.98  
57±0.5 
7.34±0.01 
38±1.35 
42±1.07 
43±1.35 
63±7.6  
51±2.8 
7.18±0.02 
19±1.48 
22±1.30 
25±1.42 
RS treated 
2%NaOH 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
127±9.14  
62±0.5 
7.16±0.02 
31±1.05 
32±1.92 
39±1.79 
248±5.62  
69±0.2 
7.28±0.02 
40±1.21 
44±1.39 
47±1.92 
101±5.12 
 60±1.4 
7.25±0.02 
22±1.11 
24±1.17 
28±1.08 
RS treated 
Viscamyl 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
165±11.01  
63±2.8 
7.19±0.01 
39±1.49 
42±1.32 
43±1.44 
275±9.02  
70±0.6 
7.26±0.01 
53±0.43 
55±1.19 
58±1.32 
105±4.8  
61±0.7 
7.24±0.01 
25±0.94 
27±1.17 
29±1.23 
RS treated 
2%NaOH and 
Viscamyl 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
175±3.15 
64±1.4 
7.12±0.03 
36±1.16 
40±1.34 
44±1.16 
300±13.8 
70±0.3 
7.26±0.02 
55±1.27 
59±1.11 
59±1.30 
127±2.9  
60±0.4 
7.25±0.01 
28±1.32 
33±1.18 
38±1.64 
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6.2.3 AcoD of SS:RS at 30:70 Using Fresh Inoculum  
The semi-continuous AcoD of sewage sludge and rice straw (30:70) is shown in Figure 6.4. 
The first period of stabilization and the biogas yields remained stable between 166 and 267 
mL/gVS depending on pre-treatment methods. Table 6.4 provides a summary of the reactors’ 
performance in terms of TS, VS and tCOD. The VS removal for all OLRs correlated with 
trends in biogas yields, i.e. the OLR of 1.26 kgVS/m
3
.d had the highest removal of 53%, 
whereas the OLR of 1.0 and 2.53 kgVS/m
3
.d had low VS removal of 39-47%. The same trend 
observed for the methane production. The methane production improved to 234 
mLCH4/gVS.d when the OLR is increased from 1.0 to 1.26 kgVS/m
3
.d. But at the OLR 2.53 
kgVS/m
3
.d was low methane production.  
 
These results are consistent with Li et al. (2014) who found that with methane production was 
not successfully improved for AcoD dairy manure: rice straw ratios of 30:70 and 10:90. 
Consequently, AcoD dairy manure and rice straw at ratio 30:70 and 10:90 showed the period 
I had a low daily biogas production. They suggested that rice straw had a limited on the 
biodegradation and also amounts of soluble carbohydrates led to the process of hydrolysis 
and fermentation.  
 
 
Figure 6.4: Biogas production for AcoD of sewage sludge with rice straw (SS:RS of 30:70) 
and rice straw untreated and pre-treated were used fresh inoculum used to start-up the semi-
continuous reactors. 
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Table 6.4: Biogas production and performance for the AcoD of sewage sludge with untreated 
and pre-treated rice straw for a feedstock of SS:RS (30:70) and fresh inoculum used for the 
start-up of the semi-continuous reactors. 
Feedstock 
(SS:RS) 
30:70 
Parameters Period I 
(OLR 1 
kgVS/m
3
.d) 
 
Period II 
(OLR 1.26 
kgVS/m
3
.d) 
Period III 
(OLR2.53 
kgVS/m
3
.d) 
Untreated RS Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
108±8.04  
51±0.7 
7.28±0.02 
23±1.18 
25±1.13 
30±1.47 
183±2.98  
57±2.1 
7.33±0.02 
34±1.52 
37±1.26 
45±1.44 
75±8.20  
57±0.7 
7.29±0.01 
22±1.01 
23±1.36 
29±1.47 
RS treated 
2%NaOH 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
166±8.66 
62±0.4 
7.20±0.01 
36±1.42 
39±1.15 
41±1.38 
253±3.82 
68±1.0 
7.28±0.02 
40±1.32 
42±1.29 
45±1.31 
114±9.20 
59±0.4 
7.23±0.02 
30±1.21 
32±1.34 
33±1.28 
RS treated 
Viscamyl 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
203±13.97 
63±1.0 
7.26±0.01 
38±1.17 
39±1.34 
42±1.27 
298±4.91 
70±0.9 
7.33±0.01 
48±1.34 
49±1.31 
49±1.33 
133±8.11 
59±0.2 
7.29±0.01 
33±1.01 
36±1.31 
37±1.23 
RS treated 
2%NaOH and 
Viscamyl 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
267±12.34  
65±0.5 
7.27±0.01 
42±1.12 
47±1.34 
49±1.07 
330±4.56 
71±0.9 
7.30±0.01 
52±1.12 
53±1.23 
50±1.33 
174±1.11 
60±0.7 
7.23±0.01 
36±1.72 
39±1.42 
40±1.48 
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6.2.4 AcoD of SS:RS at 20:80 Using Fresh Inoculum 
Figure 6.4 shows the daily biogas yields from AcoD (SS:RS 20:80) and rice straw treated 
using 2% NaOH, viscamyl and combined 2%NaOH and viscamyl. The AcoD reactors 
showed that all pre-treatment yields higher than untreated rice straw, and also combination 
pre-treatment was the highest of biogas yield (365 mL/gVS) at OLR 1.26 kgVS/m
3
.d. C/N 
ratio at 25 when composition of SS:RS was adjusted to 20:80. The AcoD of SS:RS 20:80 for 
combined 2% NaOH and Viscamyl was the highest biogas yield throughout the experiment 
duration which is consistent with the BMP tests (Chapter 5 in section 5.2). 
 
This result had a similar trend with Hills & Roberts (1981), they reported biogas yield from 
manure with rice straw was the optimum C/N ratio at 25. This confirms the results of biogas 
production. The effect of biogas production is shown that at levels of C/N from 20 to 30 
where production increased significantly with different composition of SS:RS. The effect of 
the C/N ratio of the substrates was mainly due to the improved biodegradability of rice straw 
and more balanced nutrients. In addition, many reports suggested that the optimal the C/N 
ratio in AcoD were between 20 and 30 (Yen & Brune 2007; Wang et al. 2014; Dioha et al. 
2013).  
 
 
Figure 6.5: Biogas production for AcoD of sewage sludge with rice straw (SS:RS of 20:80) 
and rice straw untreated and pre-treated were used fresh inoculum used to start-up the semi-
continuous reactors. 
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pre-treatment of rice straw. The average biogas yield was between 296 and 365 mL/gVS.d 
with methane content in the range of 70% and 71%. The average TS, VS, and tCOD removal 
for combined 2% NaOH and Viscamyl were 56%, 58%, and 60%, respectively. 
 
Table 6.5: Biogas production and performance for the AcoD of sewage sludge with untreated 
and pre-treated rice straw for a feedstock of SS:RS 20:80 and fresh inoculum used for the 
start-up of the semi-continuous reactors. 
Feedstock 
(SS:RS) 
20:80 
Parameters Period I 
(OLR 1 
kgVS/m
3
.d) 
 
Period II 
(OLR 1.26 
kgVS/m
3
.d) 
Period III 
(OLR2.53 
kgVS/m
3
.d) 
Untreated 
RS 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
151±14.71  
55±1.8 
7.19±0.02 
35±1.22 
36±1.31 
47±1.15 
213±12.65  
68±2.1 
7.31±0.02 
37±1.18 
39±1.37 
50±1.45 
135±13.94  
55±1.2 
7.3±0.01 
30±1.11 
32±1.07 
41±0.79 
RS treated 
2%NaOH 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
187±17.64 
 69±0.9 
7.14±0.02 
36±1.55 
39±1.23 
41±1.28 
296±12.78  
70±1.0 
7.33±0.01 
42±1.19 
46±1.27 
49±1.20 
176±12.75 
 65±1.0 
7.27±0.02 
32±1.13 
34±1.45 
36±1.18 
RS treated 
Viscamyl 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
227±13.57  
68±1.3 
7.19±0.01 
43±1.37 
47±1.28 
49±1.37 
307±13.97  
70±0.8 
7.36±0.01 
54±1.38 
55±1.67 
59±1.43 
201±13.10  
65±1.5 
7.24±0.01 
33±1.07 
38±1.09 
39±1.13 
RS treated 
2%NaOH 
and 
Viscamyl 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
288±10.55  
69±1.2  
7.32±0.01 
44±1.12 
49±1.22 
50±1.18 
365±14.5  
71±1.4 
7.27±0.02 
56±1.27 
58±1.11 
60±1.30 
169±13.16 
 67±0.3 
7.24±0.01 
28±1.26 
32±1.18 
36±1.27 
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6.2.5 AcoD of SS:RS at 10:90 Using Fresh Inoculum 
The biogas yield was between 108 and 267 mL/gVS in during the first period. Biogas 
production increased with increased OLR from 1.0 to 1.26 kgVS/m
3
.d (HRT 20 days), but the 
biogas yield decreased slightly from 274 to 83 mL/gVS.d in during period III at OLR 2.53 
kgVS/m
3
.d. Biogas production was the highest at OLR 1.26 kgVS/m
3
.d, it was fallen down 
with an increase OLR to 2.53 kgVS/m
3
.d. Overloading AcoD led to the reactor failure and 
low biogas yield. This lag phase because of unbalanced microogarincsims and the low 
biodegradability with the fed rice straw. AcoD of sewage sludge and rice straw improved the 
biogas yields. However, the addition of 90% rice straw decreased the biogas production 
compared to feeding of rice straw (80%).The soluble organic content was reduced with 
production of biogas as well the %VS removal. The percentage of VS removal for all pre-
treatments were 41%–48%, where untreted rice straw showed the lowest and combined 2% 
NaOH and Viscamyl the highest value (Table 6.6). 
 
In all cases pH avarage values were between 7.2 and 7.29. Amounts of CH4 produced during 
AcoD with varying between 54% and 69%. for all pre-treatments. This study recommends 
that applying pre-treatment on rice straw, which achieves the results of biogas yield as likely 
found in the BMP tests.  
 
 
Figure 6.6: Biogas production for AcoD of sewage sludge with rice straw (SS:RS of 10:90) 
and rice straw untreated and pre-treated were used fresh inoculum used to start-up the semi-
continuous reactors. 
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Table 6.6: Biogas production and performance for the AcoD of sewage sludge with untreated 
and pre-treated rice straw for a feedstock of SS:RS 10:90 and fresh inoculum used for the 
start-up of the semi-continuous reactors. 
Feedstock 
(SS:RS) 
10:90 
Parameters Period I 
(OLR 1 
kgVS/m
3
.d) 
 
Period II 
(OLR 1.26 
kgVS/m
3
.d) 
Period III 
(OLR2.53 
kgVS/m
3
.d) 
Untreated RS Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
160±9.12 
50±1.4  
7.22±0.02 
24±1.39 
31±1.54 
32±1.22 
186±10.5 
55±1.3  
7.31±0.01 
28±1.12 
35±1.19 
39±1.40 
83±5.4  
47±2.7 
7.29±0.01 
23±1.07 
24±1.13 
32±1.42 
RS treated 
2%NaOH 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
177±7.68 
61±0.7 
7.20±0.01 
26±1.42 
28±1.25 
33±1.45 
215±13.70  
65±1.7 
7.23±0.01 
39±1.39 
41±1.37 
40±1.28 
99±6.98 
54±1.3 
7.20±0.01 
26±1.35 
30±1.34 
31±1.12 
RS treated 
Viscamyl 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
209±9.11 
62±0.7  
7.20±0.02 
32±1.13 
37±1.24 
39±1.05 
254±16.23 
 69±0.5 
7.29±0.01 
40±1.37 
47±1.33 
49±1.07 
114±5.64 
55±0.3 
7.23±0.01 
29±1.25 
30±1.39 
31±1.13 
RS treated 
2%NaOH 
and 
Viscamyl 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
243±6.53  
64±1.1 
7.20±0.01 
38±1.09 
39±2.04 
41±1.22 
274±13.70  
69±0.3 
7.27±0.01 
43±1.12 
48±1.26 
50±1.29 
165±12.95  
56±1.8 
7.25±0.01 
25±1.31 
28±2.34 
31±1.22 
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6.2.6 AcoD of Sewage Sludge with Rice Straw using Acclimated Inoculum 
This phase is to study the effect of acclimated inoculum on the biogas production. The 
experiments were carried out using three acclimated inoculums. Inoculum was mixed with 
sewage sludge and rice straw and adjusted to the appropriate amount of rice straw (60% and 
80%) and adding only sewage sludge. Acclimation of the anaerobic microorganisms to the 
feedstock was carried out over 11months. General biogas trends are presented in Figure 6.7-
6.9. The biogas yields for the AcoD (SS:RS of 50:50) are much smoother than the biogas 
production using fresh inoculum. The average daily biogas results of the different OLRs 
ranging from 1.0 to 2.53 kgVS/m
3
.d, at the OLR of 1.26 kgVS/m
3
.d showed the best 
performances for all pre-treatments. The biogas yield for combined 2% NaOH and Viscamyl 
was increased by average 56%, 48% and 74% during digestion experiment using fresh 
inoculum compared to experiment using acclimated inoculum (fed 100% SS), acclimated 
inoculum (fed SS:RS 40:60), acclimated inoculum (fed SS:RS 20:80), respectively because 
of microorganism adaptation. 
 
Strong evidence of acclimation inoculum was found by Griffin (2012), the results that a need 
to acclimate for two to four months to these testing conditions, the high concentrations of 
microorganisms, as improvement of biogas production. The decreasing trends of hydrolysis 
rates result in increasing ammonia and high salinity concentrations for a variety of the 
feedstocks such as manure, food waste and agricultural residue. Additionally, the microbial 
community of biogas production in acclimated inoculum could be improved the levels of 
ammonia, decreasing start-up times in the reactor thorough the improvement of economic 
viability and compatibility. The start-up of anaerobic digester has been described in literature 
as critical period to control. The strategy is the use of acclimated inoculum to accelerate the 
start-up and improve the process (Gonçalves et al. 2011).  
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Figure 6.7: Biogas production for AcoD of sewage sludge with rice straw untreated and pre-
treated were used acclimated inoculum by feeding SS to start-up the semi-continuous 
reactors. 
 
 
Figure 6.8: Biogas production for AcoD of sewage sludge with rice straw untreated and pre-
treated were used acclimated inoculum by feeding SS:RS 40:60 to start-up the semi-
continuous reactors. 
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Figure 6.9: Biogas production for AcoD of sewage sludge with rice straw untreated and pre-
treated were used acclimated inoculum by feeding SS:RS 20:80 to start-up the semi-
continuous reactors. 
 
The C/N ratio of 25 is used to assess the stability of AcoD process, which the acclimated 
inoculum by feeding SS:RS 20:80 gives the highest of biogas production. This result has 
been suggested to be pre-treated by combination method.  
 
Methane contents for acclimated inoculum are shown in Table 6.7-6.9 indicating an average 
methane percentage from 60% to 73%. Methane contents increases with increased the OLR 
from 1.0 to 1.26 kgVS/m
3
.d as expect based on the low methane contents at the OLR of 2.53 
kgVS/m
3
.d.  
 
The first period has low pH because of the beginning AD process. All reactors of the pH were 
between 7.3 and 7.5, which is stable and suitable for biogas-producing microorganisms 
(Table 6.7-6.9). Through anaerobic acidogenesis process, the rice straw can be converted to 
volatile fatty acids. Generally, the quantity of methanogen is low at pH 7.5.  
 
This result is important because the study in the AcoD due to a varieties of pre-treatment. 
Performances of semi-continuous AcoD reactors are shown in Table 6.7-6.9. 
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Table 6.7: Biogas production and performance for the AcoD of sewage sludge with untreated 
and pre-treated rice straw and acclimated inoculum by feeding SS for the start-up of the semi-
continuous reactors. 
Feedstock 
 
Parameters Period I 
(OLR 1 
kgVS/m
3
.d) 
 
Period II 
(OLR 1.26 
kgVS/m
3
.d) 
Period III 
(OLR2.53 
kgVS/m
3
.d) 
Untreated RS Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
111±4.67  
61±0.7 
7.33±0.01 
24±1.18 
29±1.07 
31±1.27 
200±2.21  
62±1.5 
7.31±0.01 
29±2.02 
35±1.21 
39±1.30 
64.6±1.76  
60±0.9 
7.35±0.01 
20±1.07 
22±1.19 
26±1.37 
RS treated 
2%NaOH 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
141±3.32  
64±1.4 
7.31±0.01 
31±1.48 
35±1.06 
38±1.04 
260±2.45  
70±0.8 
7.32±0.01 
42±1.30 
44±1.47 
45±1.38 
99±3.42  
62±0.5 
7.32±0.01 
26±1.17 
27±1.27 
31±1.03 
RS treated 
Viscamyl 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
170±4.53  
66±2.3 
7.31±0.01 
33±1.31 
35±1.46 
39±1.17 
302±2.48  
70±0.6 
7.34±0.01 
48±1.04 
49±1.17 
50±1.23 
119±4.48  
64±0.7 
7.33±0.01 
28±1.15 
29±1.33 
31±1.24 
RS treated 
2%NaOH and 
Viscamyl 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
193±5.45  
68±1.1 
7.32±0.01 
38±1.37 
39±1.24 
41±1.07 
374±3.2  
71±1.3 
7.35±0.02 
49±1.11 
51±1.16 
52±1.09 
133±5.41  
68±1.3 
7.30±0.01 
30±1.21 
31±1.26 
31±1.08 
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Table 6.8: Biogas production and performance for the AcoD of sewage sludge with untreated 
and pre-treated rice straw and acclimated inoculum by feeding SS:RS 40:60 for the start-up 
of the semi-continuous reactors. 
Feedstock 
 
Parameters Period I 
(OLR 1 
kgVS/m
3
.d) 
 
Period II 
(OLR 1.26 
kgVS/m
3
.d) 
Period III 
(OLR2.53 
kgVS/m
3
.d) 
Untreated 
RS 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
125±9.18 
62±1.4 
7.33±0.01 
25±1.03 
29±1.01 
30±1.32 
202±3.04 
64±1.2 
7.32±0.01 
29±1.08 
34±1.71 
35±1.21 
70±6.20 
64±1.5 
7.31±0.01 
20±1.01 
23±1.29 
27±1.27 
RS treated 
2%NaOH 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
136±5.60 
63±1.9 
7.32±0.01 
30±1.27 
32±1.48 
34±1.14 
260±4.11 
65±0.9 
7.33±0.01 
40±1.35 
43±1.08 
44±1.28 
88±1.06 
65±0.6 
7.30±0.02 
22±1.15 
25±1.78 
27±1.23 
RS treated 
Viscamyl 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
167±5.13 
66±1.6 
7.34±0.01 
33±1.33 
35±1.21 
37±1.79 
301±4.68 
65±0.7 
7.34±0.02 
48±1.12 
49±1.09 
51±1.43 
102±1.09 
65±0.7 
7.32±0.01 
24±1.85 
25±1.43 
26±2.10 
RS treated 
2%NaOH 
and 
Viscamyl 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
207±7.21  
65±2.1 
7.33±0.01 
38±1.16 
40±1.04 
40±1.07 
353±5.25  
67±1.3 
7.34±0.01 
47±1.75 
49±1.26 
50±1.14 
123±1.02  
67±1.4 
7.31±0.01 
29±1.27 
30±1.03 
31±1.14 
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Table 6.9: Biogas production and performance for the AcoD of sewage sludge with untreated 
and pre-treated rice straw and acclimated inoculum by feeding SS:RS 20:80 for the start-up 
of the semi-continuous reactors. 
Feedstock 
 
Parameters Period I 
(OLR 1 
kgVS/m
3
.d) 
 
Period II 
(OLR 1.26 
kgVS/m
3
.d) 
Period III 
(OLR 2.53 
kgVS/m
3
.d) 
Untreated 
RS 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
144±3.98  
63±1.4 
7.35±0.01 
29±1.13 
32±1.07 
33±1.25 
250±2.31  
66±0.7  
7.34±0.01 
38±1.06 
39±2.03 
42±1.31 
77±1.32  
63±3.5 
7.31±0.01 
21±1.11 
23±1.29 
26±1.08 
RS 
treated 
2%NaOH 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
166±5.70  
65±1.7 
7.32±0.01 
30±1.31 
31±2.08 
32±1.06 
291±5.11  
70±6.4 
7.35±0.01 
41±1.25 
43±1.72 
45±1.35 
100±1.23 
67±1.8 
7.34±0.01 
24±1.13 
25±1.31 
27±1.19 
RS 
treated 
Viscamyl 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
217±5.29  
69±2.6 
7.34±0.01 
36±1.23 
37±1.01 
39±1.08 
363±6.01  
71±1.5 
7.34±0.01 
48±1.35 
49±1.09 
51±1.24 
113±1.09  
69±1.6 
7.33±0.01 
25±1.04 
26±1.37 
28±1.09 
RS 
treated 
2%NaOH 
and 
Viscamyl 
Avg. biogas (mL/gVS.d) 
CH4 (%) 
Avg.pH 
TS removal (%) 
VS removal (%) 
tCOD removal (%) 
233±4.21  
70±0.3 
7.33±0.01 
37±1.76 
38±1.03 
39±1.18 
418±7.13  
73±0.8 
7.35±0.01 
53±1.27 
55±1.11 
60±1.04 
141±1.29  
67±0.9 
7.30±0.01 
27±1.28 
29±1.13 
30±1.19 
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6.3 CHARACTERISATION OF DIGESTATE 
6.3.1 Fractionation of Digestate Used fresh Inoculum 
The composition of rice straw before and after pre-treatment was determined according to the 
NREL methods which allows for the determination of main lignocellulosic componets; 
cellulose, hemicellulose, lignin and water solubles. The feedstock to the AcoD reactors 
operated under semi-continuous conditions consited of 50% SS and 50% RS, i.e. a slurry. 
The NREL methods are not suitable for characterisation of slurries. Therefore, the feedstock 
and the digestate were characterised according to the fractionation method described in 
Opatokun et al. (2016).  
 
The aim of the fractionation analysis was to assess the effet of AcoD, pre-treatment and 
inoculum acclimation on the degrdadation of the feedstock components. Therfore the 
digestates collected from the different reactors were characterised according to the 
fractionation method and compared with the feedstock composition. In addition, the digestate 
from AD at WWTPs typically contain a large fraction of lignin therefore the associated aim 
of the fractionation analysis was to compare the quality of digestate under the conditions 
tested with typical digestate collected from AD reactors at WWTPs (Choi et al. 2007).  
 
The lignocellulosic components of the feedstock and the digestate for the AcoD (SS:RS of 
50:50) and the charactestics of the feedstock contained rice straw pre-treated using 2% 
NaOH, Viscamyl and combined 2% NaOH and Viscamyl are given in Figure 6.10. 
 
The results show that for the feedstock of 50% SS and 50% RS, no significant changes to the 
fractions of the components lignin, cellulose and hemicellulose ocurred under the different 
OLRs tested. The lignocellulosic fractions at OLR of 2.53, 1.26 and 1.0 kgVS/m
3
.d was 
between (77%-84%), (78%-79.7%), (72.8%-76.5%) and (56.8%-62.3%) where the digestate 
of untreated rice straw, rice straw pre-treated using 2% NaOH, Viscamyl, and combined 2% 
NaOH and Viscamyl, respectively. Similarly, ananerbic digestion of the feedstock that 
contain 2% NaOH pre-treated rice straw showed no significant changes to the cellulose, 
hemicellulose and lignin fractions compared to initial levels. In the meantime, the anaerobic 
digestion of the feedstock pre-treated usingViscamyl appear to have more access to cellulose 
resulting in digestae of lower cellulose and higher hemicellulose. The fractions of feedstock 
showed that 2% NaOH led to a slight change to lignin fraction mainly induced by the 
conversion or solubility of lignin (around 3% change), whereas the Viscamyl pre-treatment 
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appears to make cellulose available for degradation which led to increase fractions of 
hemicellulose and water solubles compared to feedstock. 
 
These findings are in line with the findings reported by McKendry (2002), the biochemical 
conversion processes have the important in the production of cellulose and lignin. Overall 
conversion present the proportion of cellulose was degraded better than that of lignin, hence 
higher proportion of lignin presents in the digestate.  
 
Figure 6.10: Fractions of feedstock of 50% SS and 50% rice straw untreated and pre-treated; 
and the digestate collected at different OLRs. The AcoD reactors start-up was carried out 
using fresh inoculum. 
 
On the other hand, anaerobic digestion of feedstock containing rice straw that has been pre-
treated using combined 2% NaOH and Viscamyl had a significant effect on the digestate 
fractions reducing cellulose and hemicellulose by 52% and 18% respectively. Therefore, 
cellulosic fraction converted to hot water soluble contents (Figure 6.11). The addition of 
sewage sludge and fresh inoculum both increased the concentration of hemicellulose in the 
digestate. Because of the large proportion of hemicellulose in fresh inoculum. The fraction of 
lignin in the feedstock was increased when comparing the digestate. Overall, the OLR did not 
have a noticable effect on the degradation of the different components using fresh inoculum 
for the start-up of these reactors.  
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Figure 6.11: Hot water soluble contents of feedstock of 50% SS and 50% rice straw 
untreated and pre-treated; and the digestate collected at different OLRs. The AcoD reactors 
start-up was carried out using fresh inoculum. 
 
6.3.2 Fractionation of Digestate Used Acclimated Inoculum (Fed 100% SS) 
Semi-continuous process in the different of OLRs used acclimated inoculum (fed 100% SS ) 
were analysed fractionation of the digeste. The cellulose, hemicellulose and lignin fractions 
for the digestate colleted from the anaerbic digesters that recived inoculum acclimated to 
sewage sludge for more than 100 days are shown in Table 3.9 (chapter 3).  
 
The lignocellulosic fractionations of feedstock and the digestate from AcoD SS:RS 50:50 
(untreated) and the rice straw treated 2% NaOH, Viscamy, and combined 2% NaOH and 
viscamyl are shown in Figure 6.12. The results showed high OLR led to the undigested 
cellulose, hemicellulose and lignin fractions for all pre-treatments in the digestate at OLR of 
2.53 kgVS/m
3
.d. 
 
In the condition of untreated rice straw, pre-treated 2%NaOH and Viscamyl, the digestate did 
not change the degradation of the ligocellulosic fractionation using inoculum acclimatsied to 
SS. This finding is in agreement with Datta (1981) findings corn stover was pre-treated with a 
mixture of Ca(OH)2 and Na2CO3 , the bioconversion during acidogenic fermentation was 
fermented to the greatest extent 20.9% of lignin. In gennerlly, under anerobic conditions 
lignin can be biodegraded by various fungi. But anerobic microorganisms in anaerobic 
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digesters can not considered using lignin and the recalcitrant polymers component in 
biomass. 
 
Similarly, the results are the digestate of using fresh inoculum. The process of digestion by 
used acclimated inoculum fed 100% SS has the effective potential to operate at OLR 1.0 and 
1.26 kgVS/m
3
.d. However, the condition of OLR 2.53 kgVS/m
3
.d in the digestate high 
amount of hemicellulose between 20.9% and 27.9% and cellulose between 25.5% and 32.8%. 
These results mean increasing OLR received more amounts of lignocellulosic substrates that 
added into the AcoD reactors. 
 
Over loading AcoD would be led to the process failure and low biogas yield. The relationship 
was observed between the hot water soluble contents and biogas yield. The biogas production 
increased to 374 mL/gVS.d when the OLR increased from 1.0 to 1.26 kgVS/m
3
.d. Combined 
2% NaOH and Viscamyl had a significant effect on the hot water soluble contents (Figure 
6.13). Therefore, high hot water soluble contents resulted in increased the biogas production.  
 
 
Figure 6.12: Fractions of feedstock of 50% SS and 50% rice straw untreated and pre-treated; 
and the digestate collected at different OLRs. The AcoD reactors start-up was carried out 
using inoculum acclimatised to SS. 
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Figure 6.13: Hot water soluble contents of feedstock of 50% SS and 50% rice straw 
untreated and pre-treated; and the digestate collected at different OLRs. The AcoD reactors 
start-up was carried out using inoculum acclimatised to SS. 
 
6.3.3 Fractionation of Digestate Used Acclimated Inoculum (Fed SS : RS 20:80) 
Sequential fractions of feedstock and the digestate in the different of OLRs and pre-
treatments collected during semi-continuous process used acclimated inoculum (fed SS:RS 
20:80) are shown in Figure 6.14. The same trend described above was also observed under 
these conditions. On the hand, the use of inoculum acclimated to sewage slugde and rice 
straw at SS:RS ratio of 20:80 led to enhanced degradability of feedstock and resulted in a 
digestate of lower fractions of the nondegradable cellulose and hemicellulose. This effect 
peaked at the OLR of 1.26 kgVS/m
3
.d where digestate for all pre-treatments had enhanced 
degradability compared to the feedstock, measured in terms of total fractions of 
lignocellulosic fractions; lignin, cellulose and hemicellulose compared to the feedstock. For 
example the lignocellulosic fractions in the feedstock of rice straw pre-treated using 2% 
NaOH, Viscamyl and combined 2% NaOH and Viscamyl, was 77.1%, 72.5% and 76.6%, 
respectively, which was reduced to 72.1%, 68.3% and 75.4% respectively at OLR of 2.53 
kgVS/m
3
.d, and further reduced to 67.9%, 64.9% and 59.6% respectively, at OLR of 1.26 
kgVS/m
3
.d But at the OLR of 1.0 kgVS/m
3
.d 72.7%, 73.9% and 58.5%, respectively were 
measured, indicating less efficiency at these conditions except for the feedstock of rice straw 
that received combined pre-treatment. 
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Figure 6.14: Fractions of feedstock of 50% SS and 50% rice straw untreated and pre-treated; 
and the digestate collected at different OLRs. The AcoD reactors start-up was carried out 
using inoculum acclimatised to SS:RS 20:80. 
 
The process used acclimated inoculum fed SS:RS 20:80 that means feeding feedstock at C/N 
of 25.1. The balanced with microorganisms for degradation of organic matter provide more 
beneficial as balance feedstock and a balanced C/N. The results in Figure 6.15 provide more 
hot water soluble contents of the digestate from the degradation of substrates. The 
bioconversion of polysaccharides occurring during the process evidenced by less cellulose, 
which is converted to the hemicelluloses and hot water soluble contents.  
 
Similarly, Opatokun et al. (2016) reported that increased water-soluble components of the 
digestate provided carbohydrates including polysaccharides or oligosaccharides in the 
reactors. 
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Figure 6.15: Hot water soluble contents of feedstock of 50% SS and 50% rice straw 
untreated and pre-treated; and the digestate collected at different OLRs. The AcoD reactors 
start-up was carried out using inoculum acclimatised to SS:RS 20:80. 
 
6.3.4 Fractionation of Digestate Used Acclimated Inoculum (Fed SS : RS 40:60) 
Semi-continuous process using inoculum acclimatised to SS:RS 40:60 were analysed 
fractionation of feedstock and the digeste for the OLRs of 1.0, 1.26 and 2.53 kgVS/m
3
.d. The 
lignocellulosic fractionation of feedstock and the digestate from AcoD sewage sludge and 
rice straw (untreated) and pre-treatments are shown Figure 6.16.  
 
At OLR of 1.26 kgVS/m
3
.d and the conditions of pre-treatment; 2% NaOH, Viscamyl and 
combination of 2% NaOH and Viscamyl, which the lignin in the digestate was incresded 
23.9%, 23.6% and 29.9%, respectively. The crosslinking of polysaccharides by lignin in the 
digestate happen on influence biochemical degradation during AcoD process. The sequentail 
fractionation showed that reducing cellulose contents resulted in an increase the hot water 
soluble contents. For example the cellulose contents in the feedstock of rice straw pre-treated 
using 2% NaOH, Viscamyl and combined 2% NaOH and Viscamyl, was 28.9%, 30.6% and 
30.1%, respectively, which was reduced to 22.8%, 20.6% and 19.9% respectively at OLR of 
1.26 kgVS/m
3
.d, and reduced to 23.8%, 20.5% and 23.9%, respectively at OLR of 1.0 
kgVS/m
3
.d. These results indicated that the amount of hot water soluble was increased by 
18.2% and 58.5% respectively where pre-treated by 2% NaOH and combined 2%NaOH and 
Viscamyl at OLR 1.26 kgVS/m
3
.d and further increased by 29.8% and 30.7% respectively, at 
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OLR 1 kgVS/m
3
.d (Figure 6.17). However, the non-significance results of Viscamyl pre-
treatment show the effect of hot water soluble contents.  
 
 
Figure 6.16: Hot water soluble contents of feedstock of 50% SS and 50% rice straw 
untreated and pre-treated; and the digestate collected at different OLRs. The AcoD reactors 
start-up was carried out using inoculum acclimatised to SS:RS 40:60. 
 
 
Figure 6.17: Composition of feedstock of 50% SS and 50% pre-treated rice straw and the 
digestate collected at different OLRs. The AcoD reactors start-up was carried out using 
inoculum acclimatised to SS:RS 40:60. 
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6.4 CONCLUSIONS IN CHAPTER 6 
In this section, potential biogas on semi-continuous tests were evaluated the effect AcoD 
sewage sludge with rice straw (untreated rice and pre-treatment), the effect of organic loading 
rates (OLRs) on the process performance and characterise substrates (sewage and rice straw) 
and its digestate.  
 The acclimated inoculum by feeding 80% SS and 20% RS gives the highest of biogas 
production. The effect of the C/N ratio of the substrates was mainly due to the 
improved biodegradability of rice straw and more balanced nutrients.The C/N ratio of 
25.1 is used to assess the stability of AcoD process These results show that the 
mixture of SS:RS had better digestion than the feeding alone (sewage sludge or rice 
straw).  
 The AcoD reactors showed that all pre-treatment has higher than untreated rice straw, 
and also combination pre-treatment (2% NaOH and Viscamyl) was the highest of 
biogas yield (418 mL/gVS). 
 Biogas production was the highest at OLR 1.26 kgVS/m3.d, it was fallen down with 
an increase OLR to 2.53 kgVS/m
3
.d. Overloading AcoD led to the reactor failure and 
low biogas yield. This lag phase because of unbalanced microogarincsims and the low 
biodegradability with the rice straw feeding, During the semi-continuous tests, the 
soluble organic content was reduced with production of biogas as well the VS 
removal. 
 Additionally, the microbial community in acclimated inoculum were improved the 
levels of ammonia, decreasing start-up times in the reactor thorough the improvement 
of economic viability and compatibility. 
Finally, lignocellulosic fractions of feedstock and digestate were evaluated for the 
characteristics of digestates including the fractions of hot water soluble, cellulose, 
henicelluose and lignin from different inoculum and mixtures of substrates. 
 The bioconversion of polysaccharides occurring in the process is obtained more 
cellulose, which is converted to the hemicelluloses and hot water soluble. The 
percentage of lignin in digestate during AcoD conditions lignin cannot be 
biodegraded, as a result of recalcitrant polymers that inﬂuence degradation. 
 The sequential fractions found that increased the hot water soluble contents led to an 
increase the biogas production.  
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CHAPTER SEVEN 
 
 
7. CONCLUSION AND RECOMMENDATIONS 
 
 
This chapter presents the main conclusions drawn from the investigation of the potential of 
enhancing biogas production from rice straw through pre-treatment using alkali, enzyme and 
combined alkali and enzyme; and through AcoD of pre-treated rice straw with sewage sludge.  
 
7.1 CONCLUSIONS  
7.1.1 Effect of Pre-treatment on Rice Straw  
 Alkali, enzyme and combined alkali and enzyme pre-treatments led to the solubilisation 
of cellulose, hemicelluloses and lignin. The pre-treatment led to enhanced conversion of 
cellulose and hemicellulose to degradable components. 
 The FTIR and NMR analysis showed that all the crystallinity of the rice straw decreased 
under all pre-treatments conditions tested. The largest drop in the CrI was observed for 
rice pre-treated using combined 2% NaOH and Viscamyl. The decrease in crystallinity 
correlated with improved biogas production. The combined pre-treatment of rice straw 
showed an increase of amorphous cellulose, making more cellulose exposed and available 
for anaerobic microorganisms.  
 SEM images showed that the structure of the rice straw changed as pre-treatment led to 
the destruction of the hemicellulose and lignin fractions. Pre-treatment methods used 
resulted in increasing accessible surface and pore volume at the cell walls through the 
structural changes in migrating lignin. 
 
7.1.2 Effect of AcoD Sewage Sludge with Rice Straw  
 The pre-treatment of the rice straw led to an increase in biogas production under all 
conditions tested. The pre-treatment increased the digestibility of the cellulose and 
hemicellulose by several means such as increasing cell wall access, reducing crystallinity 
of cellulose and reduction of lignin.   
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 The AcoD of sewage sludge and rice straw at SS:RS 20:80 achieved the highest biogas 
(methane) yield. The feedstock of C/N ratio of 26 improved biodegradability of rice straw 
and consequently enhanced biogas production. The increase in methane yield was 
associated with an increase in VS removal.   
 
7.1.3 AcoD of Pre-treated rice straw with sewage sludge under Semi-continuous 
conditions. 
 The daily biogas production from the AcoD reactors that received acclimatised 
inoculum during the start-up period was higher and more stabilised than the AcoD 
reactors fed with untreated rice straw. Acclimatisation of inoculum accelerated the 
start-up and minimised formation of inhibiting by-products. Therefore, it is critical to 
acclimatise the anaerobic microorganisms to control the start-up and the performance 
of the anaerobic digester. 
 Biogas production from the AcoD reactors that received pre-treated rices straw 
showed higher biogas production compared with reactors fed with untreated rice 
straw. The combined alkali-enzyme pre-treatment led to the highest increase in biogas 
yield. Biogas production was the highest at OLR of 1.26 kgVS/m
3
.d, whereas biogas 
production dropped sharply when the OLR increased to 2.53 kgVS/m
3
.d.  
 During the semi-continuous tests, the soluble organic content was reduced with 
increased production of biogas and VS removal. 
 The AD reactors operated under semi-continuous conditions indicated the 
bioconversion of polysaccharides and the conversion of cellulose and hemicelluloses 
into hot water soluble which eventually led to higher biogas production. 
 
7.2 KEY FINDING OF THE RESEARCH 
The key findings of this research which addressed a significant gap in the knowledge are as 
follows: 
 AcoD of sewage sludge with rice straw effectively improved the biogas yield. 
 The highest biogas yield achieved was optimisation of the C/N ratio at 26 with a 
composition of sewage sludge (26%) and rice straw (74%).  
 The optimisation of pre-treatment conditions (3.64% NaOH at 121 ᵒC for 30 minutes) 
provides to maximise biogas yield potential. Various responses such as biogas yield, 
lignin removal and cellulose recovery were included in the RSM experiment design 
for the optimisation of pre-treatment. 
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 Rice straw was successfully pre-treated with the combination of alkali and enzyme 
pre-treatment result in increasing biogas production.  
 
7.3 RECOMMENDATION FOR FUTURE RESEARCH 
The following recommendations and future work can be suggested: 
 The combination of alkali and enzyme pre-treatment, it would be interesting to 
consider the enzyme recycling before alkali pre-treatment and to compare the results 
in especially in terms of biogas production, it could be interesting to evaluate the 
impact of economically feasible and large-scale commercial enzyme applications. 
Enhancements of cost use the recirculation of enzyme back into the reactor with the 
application of cost-effective process in the future. 
 During the semi-continuous process, the digestate can be collected and it would be 
interesting to separate lignocellulosic fraction and to treat the solid fraction to degrade 
the lignin components and to enhance the accessibility for biodegradable components 
in the anaerobic digester. 
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APPENDICES 
 
APPENDICES I: STATISTICAL ANALYSIS OF EXPERIMENTAL DESIGN 
 
1. Response Surface Regression: Methane yield (mL/gVS) versus SS:RS, C/N  
 
The analysis was done using coded units. 
 
Estimated Regression Coefficients for Methane yield (mL/gVS) 
 
Term             Coef    SE Coef         T        P 
Constant      259.172     0.8434    307.304    0.000 
SS:RS         -18.276    0.6667    -27.411    0.000 
C/N           -7.751    0.6667    -11.625    0.000 
SS:RS*SS:RS   -21.690     0.7150   -30.335    0.000 
C/N*C/N       -19.645     0.7150    -27.475    0.000 
SS:RS*C/N      5.605     0.9429      5.944    0.001 
 
 
S = 1.88584    PRESS = 137.533 
R-Sq = 99.71%  R-Sq(pred) = 98.40%  R-Sq(adj) = 99.50% 
 
 
Analysis of Variance for Methane yield(mL/gVS) 
 
Source           DF   Seq SS   Adj SS   Adj MS       F      P 
Regression        5  8552.29  8552.29  1710.46  480.95  0.000 
  Linear          2  3152.85  3152.85  1576.43  443.27  0.000 
    SS:RS         1  2672.20  2672.20  2672.20  751.38  0.000 
    C/N           1   480.65   480.65   480.65  135.15  0.000 
  Square          2  5273.78  5273.78  2636.89  741.45  0.000 
    SS:RS*SS:RS   1  2589.14  3272.66  3272.66  920.22  0.000 
    C/N*C/N       1  2684.63  2684.63  2684.63  754.87  0.000 
  Interaction     1   125.66   125.66   125.66   35.33  0.001 
    SS:RS*C/N     1   125.66   125.66   125.66   35.33  0.001 
Residual Error    7    24.89    24.89     3.56 
  Lack-of-Fit     3    17.78    17.78     5.93    3.33  0.138 
  Pure Error      4     7.12     7.12     1.78 
Total            12  8577.19 
 
 
Unusual Observations for Methane yield(mL/gVS) 
 
                     Methane 
Obs  StdOrder  yield(mL/gVS)      Fit  SE Fit  Residual  St Resid 
  4         8        206.500  208.921   1.491    -2.421     -2.10 R 
  6         3        225.180  222.758   1.491     2.422      2.10 R 
 
R denotes an observation with a large standardized residual. 
 
 
Estimated Regression Coefficients for Methane yield(mL/gVS) using data in 
     uncoded units 
 
Term              Coef 
Constant       15.6892 
SS:RS          9.50471 
C/N            9.82129 
SS:RS*SS:RS  -0.216898 
C/N*C/N      -0.217670 
SS:RS*C/N    0.0590000 
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2. Response Surface Regression: lignin removal versus NaOH, Time, Temp  
 
       The analysis was done using coded units. 
   
 
       Estimated Regression Coefficients for lignin removal 
  
 
       Term          Coef  SE Coef       T     P 
   Constant    25.0758   1.1400  21.995  0.000 
   NaOH         7.3461   0.6981  10.522  0.000 
   Time         1.8372   0.6981   2.632  0.016 
   Temp         1.6302   0.6981   2.335  0.030 
   NaOH*NaOH  -10.2400   1.0276  -9.965  0.000 
   Time*Time    2.6783   1.0276   2.606  0.017 
   Temp*Temp    2.9005   1.0276   2.823  0.011 
   NaOH*Time    0.1656   0.9873   0.168  0.869 
   NaOH*Temp    0.5896   0.9873   0.597  0.557 
   Time*Temp   -1.3091   0.9873  -1.326  0.200 
   
 
       
 
       S = 2.79253    PRESS = 390.724 
    R-Sq = 92.52%  R-Sq(pred) = 81.26%  R-Sq(adj) = 
89.15% 
  
 
       
 
       Analysis of Variance for lignin removal 
   
 
       Source         DF   Seq SS  Adj SS  Adj MS       F     P 
 Regression       9  1928.64  1928.64  214.293   27.48  0.000 
   Linear         3   959.96   959.96  319.987   41.03  0.000 
     NaOH         1   863.43   863.43  863.434  110.72  0.000 
     Time         1    54.00    54.00   54.004    6.93  0.016 
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    Temp         1    42.52    42.52   42.521    5.45  0.030 
   Square         3   951.97   951.97  317.323   40.69  0.000 
     NaOH*NaOH    1   845.07   774.34  774.340   99.30  0.000 
     Time*Time    1    44.78    52.97   52.973    6.79  0.017 
     Temp*Temp    1    62.13    62.13   62.126    7.97  0.011 
   Interaction    3    16.71    16.71    5.570    0.71  0.555 
     NaOH*Time    1     0.22     0.22    0.219    0.03  0.869 
     NaOH*Temp    1     2.78     2.78    2.781    0.36  0.557 
     Time*Temp    1    13.71    13.71   13.709    1.76  0.200 
 Residual Error  20   155.96   155.96    7.798 
    Lack-of-Fit    3   115.26   115.26   38.422   16.05  0.000 
   Pure Error    17    40.70    40.70    2.394 
  Total           29  2084.60 
    
 
       
 
       Unusual Observations for lignin removal 
   
 
                      lignin 
     Obs  StdOrder  removal     Fit  SE Fit  Residual  St Resid 
  18        10   25.315  32.171   1.710    -6.856     -3.11 R 
 
 
       R denotes an observation with a large standardized residual. 
 
 
       
 
       Estimated Regression Coefficients for lignin removal using data in 
uncoded 
     units 
      
 
       Term             Coef 
     Constant       23.3133 
     NaOH           13.4652 
     Time         -0.519412 
     Temp         -0.448688 
     NaOH*NaOH     -2.02273 
     Time*Time    0.0267832 
     Temp*Temp   0.00311797 
     NaOH*Time   0.00735833 
     NaOH*Temp   0.00859107 
     Time*Temp  -0.00429205 
     
 
       
 
       Predicted Response for New Design Points Using Model for lignin removal 
 
       Point     Fit   SE Fit       95% CI              95% PI 
     1  27.3020  1.71007  (23.7349, 30.8692)  (20.4715, 34.1326) 
    2  11.4308  1.71007  ( 7.8637, 14.9979)  ( 4.6003, 18.2613) 
    3  25.0758  1.14004  (22.6977, 27.4539)  (18.7839, 31.3676) 
    4  25.8781  1.71007  (22.3110, 29.4452)  (19.0476, 32.7086) 
    5  32.8129  1.71007  (29.2458, 36.3800)  (25.9824, 39.6434) 
    6   8.4963  1.71007  ( 4.9292, 12.0635)  ( 1.6658, 15.3269) 
    7  26.8629  1.71007  (23.2957, 30.4300)  (20.0323, 33.6934) 
    8   9.3495  1.71007  ( 5.7824, 12.9166)  ( 2.5190, 16.1800) 
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    9  22.8625  1.71007  (19.2954, 26.4296)  (16.0320, 29.6930) 
   10  27.3020  1.71007  (23.7349, 30.8692)  (20.4715, 34.1326) 
   11  25.8781  1.71007  (22.3110, 29.4452)  (19.0476, 32.7086) 
   12  31.7567  1.71007  (28.1895, 35.3238)  (24.9261, 38.5872) 
   13  26.8629  1.71007  (23.2957, 30.4300)  (20.0323, 33.6934) 
   14  31.7567  1.71007  (28.1895, 35.3238)  (24.9261, 38.5872) 
   15  25.0758  1.14004  (22.6977, 27.4539)  (18.7839, 31.3676) 
   16  25.0758  1.14004  (22.6977, 27.4539)  (18.7839, 31.3676) 
   17   9.3495  1.71007  ( 5.7824, 12.9166)  ( 2.5190, 16.1800) 
   18  32.1706  1.71007  (28.6035, 35.7378)  (25.3401, 39.0012) 
   19  32.8129  1.71007  (29.2458, 36.3800)  (25.9824, 39.6434) 
   20  22.8573  1.71007  (19.2902, 26.4245)  (16.0268, 29.6879) 
   21  22.8625  1.71007  (19.2954, 26.4296)  (16.0320, 29.6930) 
   22  32.1706  1.71007  (28.6035, 35.7378)  (25.3401, 39.0012) 
   23   8.4963  1.71007  ( 4.9292, 12.0635)  ( 1.6658, 15.3269) 
   24  25.0758  1.14004  (22.6977, 27.4539)  (18.7839, 31.3676) 
   25  11.8396  1.71007  ( 8.2725, 15.4067)  ( 5.0091, 18.6701) 
   26  11.8396  1.71007  ( 8.2725, 15.4067)  ( 5.0091, 18.6701) 
   27  25.0758  1.14004  (22.6977, 27.4539)  (18.7839, 31.3676) 
   28  22.8573  1.71007  (19.2902, 26.4245)  (16.0268, 29.6879) 
   29  11.4308  1.71007  ( 7.8637, 14.9979)  ( 4.6003, 18.2613) 
   30  25.0758  1.14004  (22.6977, 27.4539)  (18.7839, 31.3676) 
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3. Response Surface Regression: Cellulose recovery versus NaOH, Time, Temp  
 
        The analysis was done using coded units. 
    
 
        Estimated Regression Coefficients for Cellulose recovery 
  
 
        Term          Coef  SE Coef        T      P 
   Constant    83.5828   1.0552   79.207  0.000 
   NaOH         7.7315   0.6462   11.965  0.000 
   Time         1.9151   0.6462    2.964  0.008 
   Temp        -0.2597   0.6462   -0.402  0.692 
   NaOH*NaOH  -10.1366   0.9512  -10.657  0.000 
   Time*Time    1.3291   0.9512    1.397  0.178 
   Temp*Temp   -1.2882   0.9512   -1.354  0.191 
   NaOH*Time   -2.2613   0.9139   -2.474  0.022 
   NaOH*Temp    2.7111   0.9139    2.967  0.008 
   Time*Temp   -0.1753   0.9139   -0.192  0.850 
   
 
        
 
        S = 2.58480    PRESS = 338.877 
     R-Sq = 93.47%  R-Sq(pred) = 83.43%  R-Sq(adj) = 90.52% 
  
 
        
 
        Analysis of Variance for Cellulose 
recovery 
    
 
        Source         DF   Seq SS   Adj SS   Adj MS       F      P 
  Regression       9  1911.20  1911.20  212.355   31.78  0.000 
    Linear         3  1016.19  1016.19  338.729   50.70  0.000 
      NaOH         1   956.43   956.43  956.426  143.15  0.000 
      Time         1    58.68    58.68   58.683    8.78  0.008 
      Temp         1     1.08     1.08    1.079    0.16  0.692 
    Square         3   795.05   795.05  265.017   39.67  0.000 
      NaOH*NaOH    1   767.65   758.77  758.772  113.57  0.000 
      Time*Time    1    15.15    13.05   13.045    1.95  0.178 
      Temp*Temp    1    12.25    12.25   12.254    1.83  0.191 
    Interaction    3    99.96    99.96   33.318    4.99  0.010 
      NaOH*Time    1    40.91    40.91   40.909    6.12  0.022 
      NaOH*Temp    1    58.80    58.80   58.801    8.80  0.008 
      Time*Temp    1     0.25     0.25    0.246    0.04  0.850 
  Residual Error  20   133.62   133.62    6.681 
     Lack-of-Fit    3    57.45    57.45   19.149    4.27  0.020 
    Pure Error    17    76.18    76.18    4.481 
   Total           29  2044.82 
     
 
        
 
        Unusual Observations for Cellulose 
recovery 
    
 
                      Cellulose 
      Obs  StdOrder   recovery    Fit  SE Fit  Residual  St Resid 
    1        23     75.160  82.341   1.583    -7.181     -3.51 R 
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        R denotes an observation with a large standardized residual. 
  
 
        
 
        Estimated Regression Coefficients for Cellulose recovery using data in uncoded 
     units 
       
 
        Term             Coef 
      Constant        53.1699 
      NaOH            12.8836 
      Time         -0.0117289 
      Temp           0.144984 
      NaOH*NaOH      -2.00229 
      Time*Time     0.0132910 
      Temp*Temp   -0.00138478 
      NaOH*Time     -0.100503 
      NaOH*Temp     0.0395062 
      Time*Temp  -5.74755E-04 
      
 
        
 
        Predicted Response for New Design Points Using Model for Cellulose recovery 
 
        Point     Fit   SE Fit       95% CI              95% PI 
      1  82.3410  1.58286  (79.0392, 85.6428)  (76.0186, 88.6635) 
     2  61.4557  1.58286  (58.1539, 64.7575)  (55.1333, 67.7782) 
     3  83.5828  1.05524  (81.3816, 85.7840)  (77.7590, 89.4066) 
     4  81.7930  1.58286  (78.4912, 85.0948)  (75.4705, 88.1154) 
     5  85.1039  1.58286  (81.8021, 88.4057)  (78.7814, 91.4263) 
     6  62.8673  1.58286  (59.5656, 66.1691)  (56.5449, 69.1898) 
     7  82.1607  1.58286  (78.8589, 85.4625)  (75.8382, 88.4831) 
     8  67.3973  1.58286  (64.0955, 70.6991)  (61.0748, 73.7197) 
     9  77.4381  1.58286  (74.1363, 80.7399)  (71.1157, 83.7606) 
    10  82.3410  1.58286  (79.0392, 85.6428)  (76.0186, 88.6635) 
    11  81.7930  1.58286  (78.4912, 85.0948)  (75.4705, 88.1154) 
    12  81.6242  1.58286  (78.3224, 84.9260)  (75.3018, 87.9467) 
    13  82.1607  1.58286  (78.8589, 85.4625)  (75.8382, 88.4831) 
    14  81.6242  1.58286  (78.3224, 84.9260)  (75.3018, 87.9467) 
    15  83.5828  1.05524  (81.3816, 85.7840)  (77.7590, 89.4066) 
    16  83.5828  1.05524  (81.3816, 85.7840)  (77.7590, 89.4066) 
    17  67.3973  1.58286  (64.0955, 70.6991)  (61.0748, 73.7197) 
    18  85.9738  1.58286  (82.6720, 89.2756)  (79.6514, 92.2963) 
    19  85.1039  1.58286  (81.8021, 88.4057)  (78.7814, 91.4263) 
    20  82.8531  1.58286  (79.5513, 86.1548)  (76.5306, 89.1755) 
    21  77.4381  1.58286  (74.1363, 80.7399)  (71.1157, 83.7606) 
    22  85.9738  1.58286  (82.6720, 89.2756)  (79.6514, 92.2963) 
    23  62.8673  1.58286  (59.5656, 66.1691)  (56.5449, 69.1898) 
    24  83.5828  1.05524  (81.3816, 85.7840)  (77.7590, 89.4066) 
    25  71.2202  1.58286  (67.9185, 74.5220)  (64.8978, 77.5427) 
    26  71.2202  1.58286  (67.9185, 74.5220)  (64.8978, 77.5427) 
    27  83.5828  1.05524  (81.3816, 85.7840)  (77.7590, 89.4066) 
    28  82.8531  1.58286  (79.5513, 86.1548)  (76.5306, 89.1755) 
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   29  61.4557  1.58286  (58.1539, 64.7575)  (55.1333, 67.7782) 
    30  83.5828  1.05524  (81.3816, 85.7840)  (77.7590, 89.4066) 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Response Surface Regression: Biogas versus NaOH, Time, Temp  
 
       The analysis was done using coded units. 
   
 
       Estimated Regression Coefficients for Biogas 
  
 
       Term         Coef  SE Coef        T      P 
   Constant   277.755    3.852   72.099  0.000 
   NaOH        30.503    2.359   12.930  0.000 
   Time         4.647    2.359    1.970  0.063 
   Temp        -0.301    2.359   -0.127  0.900 
   NaOH*NaOH  -38.717    3.473  -11.149  0.000 
   Time*Time   -1.061    3.473   -0.305  0.763 
   Temp*Temp    7.199    3.473    2.073  0.051 
   NaOH*Time   10.397    3.336    3.116  0.005 
   NaOH*Temp   14.163    3.336    4.245  0.000 
   Time*Temp    0.884    3.336    0.265  0.794 
   
 
       
 
       S = 9.43646    PRESS = 4385.45 
    R-Sq = 94.32%  R-Sq(pred) = 86.01%  R-Sq(adj) = 91.76%
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Analysis of Variance for Biogas 
    
 
       Source         DF   Seq SS   Adj SS   Adj MS       F     P 
 Regression       9  29558.7  29558.7   3284.3   36.88  0.000 
   Linear         3  15233.4  15233.4   5077.8   57.02  0.000 
     NaOH         1  14886.4  14886.4  14886.4  167.18  0.000 
     Time         1    345.5    345.5    345.5    3.88  0.063 
     Temp         1      1.4      1.4      1.4    0.02  0.900 
   Square         3  11849.6  11849.6   3949.9   44.36  0.000 
     NaOH*NaOH    1  11447.5  11069.5  11069.5  124.31  0.000 
     Time*Time    1     19.4      8.3      8.3    0.09  0.763 
     Temp*Temp    1    382.8    382.8    382.8    4.30  0.051 
   Interaction    3   2475.7   2475.7    825.2    9.27  0.000 
     NaOH*Time    1    864.9    864.9    864.9    9.71  0.005 
     NaOH*Temp    1   1604.6   1604.6   1604.6   18.02  0.000 
     Time*Temp    1      6.2      6.2      6.2    0.07  0.794 
 Residual Error  20   1780.9   1780.9     89.0 
    Lack-of-Fit    3    299.0    299.0     99.7    1.14 0.360 
   Pure Error    17   1482.0   1482.0     87.2 
  Total           29  31339.6 
    
 
       
 
       Unusual Observations for Biogas 
    
 
       Obs  StdOrder   Biogas     Fit  SE Fit  Residual  St Resid 
  17        20  256.300  230.198   5.779    26.102      3.50 R 
 
 
       R denotes an observation with a large standardized residual. 
 
 
       
 
       Estimated Regression Coefficients for Biogas using data in uncoded 
units 
 
       Term            Coef 
     Constant      315.402 
     NaOH          27.7003 
     Time        -0.644096 
     Temp         -2.03613 
     NaOH*NaOH    -7.64778 
     Time*Time  -0.0106062 
     Temp*Temp  0.00773918 
     NaOH*Time    0.462111 
     NaOH*Temp    0.206375 
     Time*Temp  0.00289754 
     
 
       
 
       Predicted Response for New Design Points Using Model for Biogas
 
       Point     Fit   SE Fit       95% CI             95% PI 
     1  290.602  5.77863  (278.548, 302.656)  (267.520, 313.684)
    2  201.272  5.77863  (189.218, 213.326)  (178.190, 224.354) 
    3  277.755  3.85242  (269.719, 285.791)  (256.494, 299.016) 
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    4  280.431  5.77863  (268.377, 292.485)  (257.350, 303.513) 
    5  289.124  5.77863  (277.070, 301.178)  (266.042, 312.205) 
    6  213.226  5.77863  (201.172, 225.280)  (190.144, 236.307) 
    7  283.524  5.77863  (271.470, 295.578)  (260.443, 306.606) 
    8  230.198  5.77863  (218.144, 242.252)  (207.116, 253.280) 
    9  262.878  5.77863  (250.824, 274.932)  (239.796, 285.960) 
   10  290.602  5.77863  (278.548, 302.656)  (267.520, 313.684) 
   11  280.431  5.77863  (268.377, 292.485)  (257.350, 303.513) 
   12  278.062  5.77863  (266.008, 290.117)  (254.981, 301.144) 
   13  283.524  5.77863  (271.470, 295.578)  (260.443, 306.606) 
   14  278.062  5.77863  (266.008, 290.117)  (254.981, 301.144) 
   15  277.755  3.85242  (269.719, 285.791)  (256.494, 299.016) 
   16  277.755  3.85242  (269.719, 285.791)  (256.494, 299.016) 
   17  230.198  5.77863  (218.144, 242.252)  (207.116, 253.280) 
   18  287.957  5.77863  (275.903, 300.012)  (264.876, 311.039) 
   19  289.124  5.77863  (277.070, 301.178)  (266.042, 312.205) 
   20  253.436  5.77863  (241.382, 265.490)  (230.354, 276.517) 
   21  262.878  5.77863  (250.824, 274.932)  (239.796, 285.960) 
   22  287.957  5.77863  (275.903, 300.012)  (264.876, 311.039) 
   23  213.226  5.77863  (201.172, 225.280)  (190.144, 236.307) 
   24  277.755  3.85242  (269.719, 285.791)  (256.494, 299.016) 
   25  201.724  5.77863  (189.670, 213.778)  (178.643, 224.806) 
   26  201.724  5.77863  (189.670, 213.778)  (178.643, 224.806) 
   27  277.755  3.85242  (269.719, 285.791)  (256.494, 299.016) 
   28  253.436  5.77863  (241.382, 265.490)  (230.354, 276.517) 
   29  201.272  5.77863  (189.218, 213.326)  (178.190, 224.354) 
   30  277.755  3.85242  (269.719, 285.791)  (256.494, 299.016) 
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